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Western Bean Cutworm (Lepidoptera: Noctuidae) Feeding and
Development on Industrial Hemp in the Laboratory and Field
Christina D. DiFonzo
Department of Entomology, Michigan State University, East Lansing, MI.
(e–mail: difonzo@msu.edu).

Abstract
The western bean cutworm (Striacosta albicosta (Smith)) is a key pest of corn (Zea
mays L.) and dry beans (Phaseolus vulgaris L.). This observational study demonstrates that
in addition to these hosts, western bean cutworm readily feeds on industrial hemp (Cannabis sativa L.) and completes development on it under controlled laboratory conditions. In
the laboratory, individual larvae were reared on a diet exclusively of hemp inflorescences;
57% survived to form prepupae and 15% emerged as moths. In the field, first instars were
caged on hemp plants to investigate larval development in situ. After seven days, 82% were
recovered as third instars, the majority of which were found in the plant canopy. At 14
and 21 days, later-instars were increasingly recovered under residue or in the soil during
daytime hours but were observed crawling and feeding in the canopy at night. This pattern
of behavior is similar to western bean cutworm larvae on dry beans. Additional work is
needed to document that western bean cutworm females recognize and oviposit on hemp,
and that larvae infest and complete development on the crop under open field conditions.
Keywords: western bean cutworm, Striacosta albicosta, hemp, Cannabis sativa

The western bean cutworm (WBC),
Striacosta albicosta (Smith) (Lepidoptera:
Noctuidae), is native to the western plains
of the United States. In that region in the
mid-1900s, it was reported as an economic
pest of dry beans (Phaseolus vulgaris L.) and
field corn (Zea mays L.) (Hoerner 1948, Douglass et al. 1957). It completes development
from egg to adult on both crops (Blickenstaff
1979, Blickenstaff and Jolley 1982). Females
lay eggs on the leaves of these hosts, then
larvae develop through six instars over a
period of roughly 30 days (Smith et al. 2019).
Small larvae may feed briefly on leaves, but
higher-nutrition reproductive tissue is required for normal and complete development
(Paula-Moraes et al. 2012). On corn, larvae
feed on tassels and silks, then move into the
ear to feed on kernels until the last instar
(Smith et al. 2019). On dry beans, larvae
initially feed in blossoms and on developing
pods. Then they behave as a climbing cutworm until maturity, hiding in crop residue
or cracks in the ground during the day and
moving up plants at night to feed on beans in
pods (DiFonzo et al. 2015). In the fall, sixth
instars burrow into the ground and overwinter as pre-pupae in earthen chambers. Moth
flight starts in June, peaking in mid-summer
(Smith et al. 2018).
There is limited evidence that WBC
completes development on hosts other than
corn and dry beans. A small laboratory study
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in the 1950s reported development on fruits
of tomato (Lycopersicum esculentum Mill.),
as well as feeding on groundcherry (Physalis
sp.) fruits and nightshade (Solanum nigrum
L.) berries if larvae were first fed on corn or
beans (Blickenstaff 1979). But in a larger
laboratory study, Blickenstaff and Jolley
(1982) reported that survival on tomato,
groundcherry, and nightshade alone was
poor, calling them “almost totally unsuitable
hosts”. In the same study, larval survival
on broad bean (Vicia fabae L.), pea (Pisum
sativum L.) and cowpea (Vigna sinensis L.)
was comparable to that on dry beans. In
laboratory assays in Michigan and Ontario, a
high proportion of larvae survived to 28 days
on cucumber, gladiolus, gourd, and squash
(Chludzinski 2013). However, none of these
studies continued beyond the larval stage to
document a complete life cycle. Furthermore,
WBC is not known to feed on any of these
crops in the field.
In the last 20 years, WBC rapidly expanded eastward out of its original range,
reaching the Canadian Maritime provinces
by 2017 (Smith et al. 2019). In parts of
this expanded range, especially the Great
Lakes region, it is now a key pest of corn
(Smith et al. 2018) and dry beans (DiFonzo
et al. 2015). Across this expanded range, a
new crop is being planted: industrial hemp
(Cannabis sativa L. with <0.3% THC/tetrahydrocannabinol, as defined by Small and
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Cronquist 1976). Hemp was introduced into
North America from Europe in the 1600s; it
remained an important fiber crop into the
early 1900s, with production concentrated in
Kentucky and few surrounding states (Cherney and Small 2016). After World War II,
cheaper synthetic materials, plus concerns
about drug abuse, effectively eliminated it
as a crop the United States. The 2014 and
2018 Farm Bills (US Congress 2014, 2018)
and subsequent federal rules (USDA-AMS
2019, 2021) allowed for its cultivation again
as a source of renewable fiber, grain, and oil.
The first commercial plantings in Michigan
were in 2019.
Two major lepidopteran pests of corn
in the United States are also pests of hemp.
Hemp is thought to be an original host of
the stalk-boring European corn borer (Ostrinia nubilalis Hübner) in Europe (Nagy
1976), prior to the introduction of corn from
the Americas. Shortly after corn borer was
discovered in the United States in the early
1900s, it was recorded as injuring both corn
and hemp (Caffrey and Worthley 1927).
Corn earworm, Helicoverpa zea (Boddie), is
a North American native that damages hemp
flowers and seeds. It is reported on hemp
in many states, where it sometimes causes
serious damage (Britt et al. 2021, Cranshaw
et al. 2019). Both corn borer and earworm are
polyphagous species with dozens of hosts,
and it is no surprise that hemp is among
them. In contrast, western bean cutworm has
a narrow host range. In its original western
range, at least 638 acres of fiber hemp were
grown at one point in Nebraska in the late
1800s (US Census Office 1902), and wild
cannabis (aka feral hemp or ditch weed)
has been an escaped weed in the landscape
for over 100 years. There were no historical
records of western bean cutworm feeding on
hemp, but a simple extension question was
‘Is it possible?’. In this observational study,
I tested the ability of western bean cutworm
to feed and develop on industrial hemp in the
laboratory and on caged plants in the field.
Materials and Methods
An initial laboratory feeding study was
done in 2019, followed by a second laboratory
study plus two field observations in 2020.
All work was done on the Michigan State
University (MSU) campus in East Lansing,
Michigan. The industrial hemp fed in the
laboratory and caged in the field was Grandi,
a dual-purpose fiber and grain variety. The
inflorescences of female plants with new
leaves, buds, and seeds were specifically used
to feed larvae in the laboratory.
Feeding study, 2019. Leaf disks with
WBC egg masses were cut from leaves of
pretassel corn in Monroe County on 23 July
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2019 and held until eggs turned purple
(indicating imminent hatch). On 26 July,
several egg masses that were beginning
to hatch were placed in a 3.8 l container
(Pitcher Classic, Newell Rubbermaid Inc.
Atlanta GA). The top 20 cm of a hemp plant
(leaves plus buds), collected from the field,
was added. The top of the container was
covered with a mesh square held in place by
a large rubber band and it was left on the
lab bench at room temperature (~18–24 °C).
Feeding on hemp leaves and buds was first
noted on 30 July. Fresh hemp tissue (leaves
and buds) was added twice. On 5 August, 10
days after hatch (DAH), 50 third instars were
transferred to 32-oz deli cups (Deli-Serve,
Novolex Brands, Hartsville SC) (Fig. 1A),
two larvae per cup (the remaining larvae
were mass reared in 3.8 l containers so they
could be handled and photographed). A fresh
15 cm hemp top was put into each cup, then
each cup was covered with a mesh square
held in place by a rubber band. Cups were
left on the lab bench at room temperature
and checked daily to clean, note survival, and
replace hemp as needed. On 16 August, 8 cm
of moistened playground sand was added to
each cup to allow last instars to burrow and
form prepupae (Fig. 1A). By 26 August (30
DAH), all larvae showed signs of burrowing
into the sand, so hemp was no longer provided. Cups continued to be monitored as larvae
formed prepupae. All individuals had either
died or entered the sand permanently by 29
September.
Cups were left on the lab bench at
~18 °C until 2 December 2019, when they
were carefully cut down the side and the
sand sifted to check for earthen chambers.
Chambers were opened to confirm successful formation of prepupae. Since prepupae
were often damaged in this process, they
were not saved. The pupae that were found
were placed in a cup of vermiculite on the
lab bench and checked weekly through early
March 2020. Pupae were not checked again
until early May 2020 because of Covid 19
work-from-home rules.
Feeding study, 2020. Leaf disks with
WBC egg masses were cut from leaves of
pretassel corn in Isabella County on 23 July
2020 and held until hatch on 26 July. After
a day on small hemp buds, 150 first instars
were moved in groups of ten to deli cups.
Each cup was covered by a mesh square held
in place by a rubber band. These 15 cups
were checked daily, and buds were replaced
as needed. Cups were cleaned and survivors
counted on 30 July, and 5, 10, and 13 August.
On 13 August, surviving larvae were moved
individually into small souffle cups with lids
(SOLO UR55 5.5 oz, Dart Container Corp.)
for the rest of the study. Cups were checked
daily for survival and to replace hemp as
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Figure 1. Containers used in western bean cutworm feeding studies on hemp. A. Deli cup used to
rear individual larvae in the laboratory; B. Tomato ring covered by a predator-proof mesh sleeve to
cage larvae on single plants in the field; C. PVC frame and mesh cube used to cage larvae for night
observations.

needed. On 25 August, cups were cleaned,
and 4.5 cm of moist vermiculite was added
to each. Thereafter, cups were checked daily
until 15 September for signs of burrowing
into the substrate. Cups were kept on the
bench top at ~18 °C and checked approximately weekly for moth emergence into the
next year. On 22 March 2021, the vermiculite
was carefully tipped out of the remaining
cups. Some cups had a dried prepupa in
the vermiculite that died prior to forming
a chamber, while others had a chamber attached to the bottom of a cup. A small hole
was carefully made in the chamber to check
for a dead or living prepupa or pupa. Cups
with living WBC were kept and checked at
regular intervals for moth emergence, until
September 2021. At that point, all remaining
insects were presumed dead, and chambers
were opened to determine if a prepupa or
pupa had formed.
Field observations, 2020. In addition
to the bench assays, larvae were observed
in the field to determine if they fed and developed on plants in situ. On 27 July, after
setting up the laboratory feeding study, 12
additional deli cups with a group of ten first
instars (120 larvae total) were prepared for
the field. The larvae were fed hemp buds
in the lab for two days to ensure survival,
then on 29 July they were caged on plants
in a bulk hemp field planted the first week
of June. Twelve female plants with buds, ~1
m in height, were selected for caging. A wire
tomato ring was centered over each plant,
then covered with a predator-proof mesh
sleeve made from a length of tulle netting
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sewn down one side. The cage was pulled
down over the ring and edges covered with
soil at the bottom (Fig. 1B). The 10 larvae
were carefully moved from the deli cup to
the hemp plant using a paint brush, then the
cage was tied at the top. Thereafter, a set of
four plants was sacrificed on each of three
dates: 5, 12, and 19 August (corresponding
to 7, 14, or 21 days after infestation). Each
cage was opened, then the plant was destructively sampled for larvae from top to bottom,
examining plant parts over a white cloth.
After each plant was processed, the cage was
removed and the ground in and around the
ring was examined for larvae, moving soil
aside down to four cm. The number of larvae
recovered out of the initial 40 (4 cages × 10
larvae), plus their location, was recorded for
each date.
A second type of cage was set up to
determine if larvae on hemp behaved as on
corn (remaining on plants throughout development) or on dry beans (climbing plants at
night to feed). On 19 August, a group of 10
hemp plants was covered with a large mesh
cage slipped over, and buried at the base
of, a 1.5 × 1.5 × 2m PVC frame (Fig. 1C). A
square ‘door’ in the mesh, closed with Velcro,
allowed access to the plants. That same day,
10 late-instars, mass reared in a 3.8 l container in the lab exclusively on hemp, were
placed on plants in the cage. After five days,
on 24 August, the plants and the ground in
the cage were visually searched for larvae
at 1600 hrs, for ~30 minutes. This process
was repeated in the dark the next morning
at 0400 hrs, using a red flashlight and then
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Figure 2. Western bean cutworm larvae developing on hemp in the laboratory. A. First and second
instars, four days after hatch (DAH); B. Fourth instars, 15 DAH; C. Fifth instars, 20 DAH, note signs
of feeding (arrow); D. Close-up of a caterpillar with damaged seeds.

a blue-light flashlight (GoBe NIGHTSEA
light, NIGHTSEA, Lexington, MA) while
wearing special ‘barrier filter glasses’ (FGRB-2, NIGHTSEA, Lexington, MA). The
latter combination makes certain insects
fluoresce and stand out from surrounding
vegetation (see Woller et al. 2020 for details
of this method). Pictures of larvae were taken
with an Olympus E-M1 OM-D and 60mm
Macro lens using both a regular flash and a
yellow lens filter.
Results
Feeding studies. In both lab studies,
WBC completed development from first instar to moth on a diet exclusively of hemp.
Leaf feeding was observed, but minimal. Instead, feeding by small larvae (Fig. 2A) was
concentrated on hemp buds and seeds; these
nutritious tissues were likely necessary for
long term survival. Later-instars (Fig. 2B,
Fig. 2C) appeared to feed exclusively on the

https://scholar.valpo.edu/tgle/vol55/iss1/1

reproductive tissues of flowers, buds, and
seeds (Fig. 2D), just as they do on corn and
dry beans.
In 2019, of the 50 larvae transferred to
individual deli cups as third instars, 100%
survived to the sixth instar, 30 days after
hatch. By December, 46% survived to form
prepupae or pupae in earthen chambers.
From the three pupae collected at that time,
one moth emerged sometime between March
and May 2020, completing development from
first instar to adult exclusively on a diet of
hemp. This specimen was deposited in the
AJ Cook Arthropod Research Collection at
Michigan State University.
In 2020, of the 150 first instars followed individually, survival to the third
and the sixth instar was 93% and 86%,
respectively (Fig. 3). By fall, 57% successfully formed prepupae. Twenty-two (15%)
eventually emerged as moths (Fig. 4). Moths
emerged in November 2020 (n = 16), March
2021 (n = 4), and June 2021 (n = 2). Seven of
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Figure 3. Survival of western bean cutworm larvae, fed exclusively on hemp in the laboratory in
2020, through progressive developmental stages. A total of 150 first instars were followed through
moth emergence.

the moths emerging in November (2 males, 5
females) were spread and deposited in the AJ
Cook Collection. They appeared to be smaller
than 11 voucher specimens—all males from
pheromone traps—submitted from previous
dry bean field studies (Chludzinski 2013).
The wingspan of moths reared on hemp averaged 37.1 mm (range 35–40 mm), 14% less

than the average of 43.1 mm (range 40–45
mm) of the dry bean vouchers.
Field observations. Larvae fed and
developed on hemp plants in field cages
and as they did so, they spent more time on
the ground (Fig. 5). Seven days after first
instars were caged on individual plants, 33
out of an initial 40 (82%) were recovered

Figure 4. Western bean cutworm moths which completed development exclusively on hemp in the
laboratory, emerging November 2020.

Published by ValpoScholar,
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Figure 5. Proportion recovered, instar, and distribution of western bean cutworm larvae 7, 14, and 21
days after infestation of individually-caged hemp plants in the field. Ten first instars were caged per
plant and four plants were destructively sampled per date, for an initial total of 40 larvae per timing.

from four sacrificed plants. The majority
(94%) of larvae were found in the plant canopy (Fig. 6A). Injury on buds was observed
(Fig. 6B) and caterpillars were third instar,
indicating that feeding and development
had occurred. At 14 days after infestation,
27 of 40 (67%) larvae were recovered from
cages. These fourth instars were evenly distributed between the plant canopy and the
ground under crop residue. At 21 days after

infestation, larval recovery dropped to 40%.
No caterpillars were found on caged plants.
Those recovered—all fifth instars—were under crop residue or hiding deep in cracks in
the soil (Fig. 5), and some may have escaped
by burrowing out of the cage.
In the larger PVC-framed cage, no larvae were visually observed on plants or the
soil surface at 1600 hrs. However, at 0400 the
next morning, larvae were quickly located

Figure 6. A. Third instar western bean cutworm on hemp in the field, seven days after caging first-instars on the plant; B. Larval injury to a bud on the same plant.
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Figure 7. Sixth instar western bean cutworms feeding on hemp at night. Pictures were taken at 0400
hrs on 25 August 2020 with A. an unfiltered lens and regular flash or B. a yellow-filtered lens as larvae
were illuminated with a blue-light flashlight (see Woller et al 2020 for details of this method). (Photos
courtesy of Gary Parsons, Michigan State University)

in the canopy and observed feeding on buds
(Fig. 7A). The blue-light flashlight technique
improved detection dramatically, as larvae
glowed green against a red background of
foliage (Fig. 7B).
Discussion
These preliminary studies showed
that western bean cutworm readily fed
on industrial hemp in the laboratory and
in field cages. Furthermore, it completed
development on a diet exclusively of hemp,
although percent survival to moth emergence
was only 15% in the 2020 feeding study.
Most mortality occurred late in development
during pupation. The study was done on the
lab bench under ambient conditions and
under Covid 19 work restrictions; visits to
the laboratory were generally once a week.
If rearing had been done in an incubator
under optimal temperature and humidity
conditions for pupation (see the rearing
manual supplement to Dyer et al. 2013)
and/or checked more frequently to keep the
sand moist, moth emergence might have
been greater. Such studies need to be done
to determine how larval growth, weight,
survival, and adult fitness compares among
hemp, corn, and dry beans, especially since
the moths reared on hemp were smaller than
specimens from dry beans.

Published by ValpoScholar,

A key question is if western bean cutworm females recognize hemp as a suitable
host for oviposition. Peak moth flight and
egg laying typically occur between mid-July
and early August (Smith et al. 2018), when
hemp buds are present, and pheromone
traps placed near hemp detect moths. Studies could show suitability for egg laying by
caging gravid females on hemp plants in
the laboratory or field. Better proof would
be to find western bean cutworm larvae in
industrial hemp fields. To date, there are
no published reports of this, but absence
of evidence is not evidence of absence. Egg
masses would likely be difficult to find in a
dense hemp canopy, as they are in dry bean
fields (Smith et al. 2019). The current study
provides evidence that caterpillars are on
the ground during the day and climb stems
at night to feed, as they do in dry beans
(DiFonzo et al. 2015). In daytime scouting,
in the absence of a caterpillar, western bean
cutworm injury to buds might be attributed
to corn earworm, a pest which is readily
observed in fields and considered of high
importance in hemp production (Cranshaw
et al 2019, Britt et al. 2021). Thus, nighttime
surveys for larvae may be needed.
Finally, as with corn and dry beans,
hemp reproductive tissues were preferentially consumed by western bean cutworm
caterpillars. Flowers, buds, and seeds are
the most valuable parts of the hemp plant,
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and injury would contribute to losses in oil
or seed yield. As hemp production returns
across North America, growers, crop scouts,
and extension educators should be aware of
the possibility of finding western bean cutworm in the crop, especially in areas where
it is already a key pest of corn and dry bean
production.
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Documenting Bombus nevadensis in Minnesota, with Some Notes
on Discerning it from B. auricomus (Hymenoptera: Apidae)
Zachary M. Portman* and Chan Dolan
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* Corresponding author: (e–mail: zportman@umn.edu).

Abstract
In the face of well-documented declines in multiple bumblebee species, it is important
to accurately identify species and properly delineate species ranges. Here, we document
the range of Bombus auricomus (Robertson) and B. nevadensis Cresson in Minnesota, with
particular reference to the unexpected discovery of B. nevadensis in St. Paul. We clarify the
relative ranges of these two species and provide additional information on how to reliably
identify them in Minnesota using color patterns and morphology, including differences in
male genitalia. Our results support the consensus that B. auricomus and B. nevadensis are
distinct species. Community science records were integral to fully documenting the range
of B. nevadensis in Minnesota. Our findings demonstrate the value of community science
data, though it highlights the need for experts to check the data and to be mindful of biases
in observations around population centers.
Keywords: bumblebee, citizen science, community science, St. Paul, new records.

The genus Bombus, despite being
fairly well-resolved taxonomically, still has
many issues. In the United States there are
still new cryptic species being discovered,
such as B. bifarius Cresson and B. vancouverensis Cresson (Ghisbain et al. 2020).
Other species complexes remain unresolved,
such as the Bombus fervidus (Fabricus)
complex (Koch et al. 2018). Even eastern
species have taxonomic and identification
issues and are difficult to identify, such as
B. vagans Smith and B. sandersoni Franklin
(Milam et al. 2020). Particularly in the face
of recent declines in multiple bumblebee
species (Cameron et al. 2011, Wood et al.
2019, Guzman et al. 2021), it’s important to
properly delineate species boundaries and
range extents.
The sister species B. auricomus (Robertson) and B. nevadensis Cresson are an example of species with a history of taxonomic
uncertainty. The early taxonomic history of
B. auricomus and B. nevadensis is relatively
straightforward. Bombus nevadensis was
described by Cresson (1874) from Nevada. Bombus auricomus was described (as
Bombias auricomus) by Robertson (1903)
from Illinois. It seems likely that Robertson
was not familiar with B. nevadensis since
he did not include it in the genus Bombias,
which Robertson (1903) created to include
B. auricomus, B. fraternus (Smith), and B.
griseocollis (De Geer). However, the status of
B. auricomus and B. nevadensis was clarified
by Franklin (1913), who recognized both
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species as distinct and provided both morphological and color characters to separate
them. Swenk (1907) did not have difficulty
separating the two species in Nebraska, an
area where both species overlap in range.
Later on, however, the range overlap
and similar color patterns of B. auricomus
and B. nevadensis caused confusion. Milliron
(1961, 1971) and LaBerge and Webb (1962)
considered B. auricomus and B. nevadensis
a single species, and relegated B. auricomus
to a subspecies of B. nevadensis. The name
Bombus nevadensis nevadensis was used for
the western form, and B. n. auricomus was
used for the eastern form. The justification
for this decision was based on overlapping
color patterns as well as the claimed presence of hybrids (Laberge and Webb 1962,
Milliron 1971). However, morphological
characters, particularly the genitalia characters used by Franklin (1913), were not
discussed in any of the justifications for
grouping B. auricomus and B. nevadensis
as a single species (Milliron 1961, 1971;
Laberge and Webb 1962). This classification
was subsequently accepted by most authors,
including Mitchell (1962).
More recently, evidence has steadily
accumulated to support B. auricomus and
B. nevadensis as distinct species. Scholl et
al. (1992) classified them as distinct species
based on analysis using electrophoresis data.
Their results suggested that overlapping
color patterns between B. auricomus and
B. nevadensis were merely convergence on

12

et al.: Full issue for TGLE Vol. 55 Nos. 1 & 2

2022

THE GREAT LAKES ENTOMOLOGIST

the same Mullerian complexes rather than
indicative of hybridization between the species (Scholl et al. 1992). This was further
supported by morphological (Williams 1998)
and genetic data (Cameron et al. 2007). As a
result, the specific status of B. auricomus and
B. nevadensis has become widely accepted
(e.g. Colla et al. 2011, Williams et al. 2014).
However, as a result of the taxonomic confusion, the exact extent of the range of the
two species, particularly in areas where they
overlap, is unclear. Further, there are difficulties in distinguishing the two species; the
most recent identification resource is based
on overlapping color patterns and a single
subtle morphological character (Williams
et al. 2014).
Here, we have three primary objectives. First, we report the unexpected discovery of B. nevadensis in St. Paul, Minnesota.
Second, we use a combination of museum
and community science records to identify
the range of B. nevadensis in Minnesota
and determine to what degree the ranges
of B. auricomus and B. nevadensis overlap
in the state. Third, we provide additional
information on the identification of the two
species. Our study highlights some of the
promises and pitfalls of community science
data, and we discuss the utility of this data
for documenting bumblebees and contributing to scientific investigations.
Materials and Methods
For this study we examined a combination of museum specimens, specimens
from recent studies, and iNaturalist observations. We reexamined all available pinned
specimens of B. auricomus in Minnesota.
The source of these specimens were the
University of Minnesota Insect Collection
(UMSP, ~219 specimens), the Minnesota
Department of Natural Resources (76 specimens), recent projects from the Cariveau
lab (18 specimens, Lane et al. (2020, 2022);
1 specimen, B. Bruninga-Socolar, unpublished; 12 specimens, D. Cariveau, unpublished), the Spivak lab (1 specimen, Wolfin
et al. (2021)), unpublished data from Elaine
Evans (34 specimens), a recent thesis on the
bees of western Minnesota (12 specimens,
Pennarola (2019)), and a study on the bees of
Six Mile Marsh (1 specimen, 30 observations,
Portman et al. In Press). Identifications were
informed by the keys and descriptions of
Franklin (1913) and Williams et al. (2014).
In total, approximately 362 Minnesota specimens of B. auricomus were examined. We
also examined 12 specimens (11 females and
1 male) of B. nevadensis from the University
of Minnesota Insect Collection from throughout the range of that species (Colorado,
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Nevada, New Mexico, South Dakota, Utah,
and Washington).
We supplemented the traditional museum and project specimens with an in-depth
examination of all of the Minnesota observations of B. auricomus and B. nevadensis on
iNaturalist (accessed 8 Sep 2021). In total,
831 observations of Minnesota B. auricomus
or B. nevadensis were made or confirmed by
ZP. Only observations that were confirmed
by ZP were included in the study and maps.
Finally, photo observations of B. nevadensis
were supplemented from other sources, including Twitter (1 observation), and surveys
by the Minnesota Department of Natural
Resources (2 observations).
Spatial datasets were derived from
museum specimens and confirmed observations on iNaturalist. Where necessary,
historic museum specimens of B. auricomus
and B. nevadensis in Minnesota were georeferenced using Google Earth Pro (v7.3.4.8248)
to obtain latitude and longitude coordinate
points. Observations of B. auricomus and B.
nevadensis were downloaded directly from
iNaturalist. Any iNaturalist observations
with obscured coordinates were excluded
from mapping. Figures were made using the
open-source program QGIS (v3.16.2).
Morphological terminology follows
Michener (2007), including the terminology
for male terminalia (see Fig. 119-3 from Michener (2007)). Specimen images were taken
using an Olympus DP27 camera mounted
on an Olympus SZX16 stereo microscope,
and photos were stacked using CombineZP
software (Hadley 2010). Figures were made
with Adobe Photoshop 2018 software (Adobe
Systems Inc., San Jose, CA).
Results
St. Paul observations
In 2020 and 2021, ZP made four separate sightings of Bombus nevadensis in St.
Paul, Ramsey Co., Minnesota. The details of
each observation are:
1. 23 Jul 2020, a worker was spotted
by ZP foraging on Monarda fistulosa
in Horton Park (44.9640, –93.1572).
Photographs were taken of the bee
but it was not collected (Fig. 1A).
The wings of the bee were totally
unworn.
2. 2 5 Jul 2020, a worker foraging
on Monarda fistulosa at the same
location as the first sighting. Photographs were taken of the bee but
it was not collected (Fig. 1B). The
wings of the bee were heavily worn.
This bee was likely not the same as
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Figure 1. Observations of Bombus nevadensis in St. Paul, MN: (A) Worker sighted on 23 Jul 2020 in
Horton park; (B) Worker sighted on 25 Jul 2020 in Horton Park; (C) Worker sighted and collected on
4 Aug 2020 near Horton Park; (D) Queen sighted on 4 May 2021 near Horton Park.

the first observation since it was
seen only two days later and much
more worn. An online record of the
observation is posted on iNaturalist: https://www.inaturalist.org/
observations/68297446
3. 4 August 2020, a worker foraging
on Monarda didyma in a residential garden less than a block from
Horton Park. The specimen was
collected after taking a few photographs (Fig. 1C). The wings of the
bee were moderately worn. This
bee is not the same as the second
observation, since the wings were
less worn, though it could potentially be the same bee as the first
observation.
4. 4 May 2021, a queen foraging on
a crabapple tree (Malus sp.) on a
front lawn in a residential area one
block from Horton Park (44.9630,
–93.1605). Photographs were taken
but it was not collected (Fig. 1D).
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Overall, there were four sightings
representing at least three individuals.
One specimen (from the third observation)
was collected and confirmed to match B.
nevadensis. It is deposited in the Cariveau
Native Bee Lab synoptic collection.
Reexamination of Minnesota
specimens of Bombus auricomus
The observations of B. nevadensis in
St. Paul prompted a thorough review of the
B. auricomus specimens in the UMSP and
Cariveau Lab collections. Over 360 specimens were examined, and two were determined to actually be B. nevadensis rather
than B. auricomus.
Both specimens were from a study on
prairie restorations in western Minnesota by
Pennarola (2019), which ZP had originally
misidentified as B. auricomus when he identified them in 2018. The two specimens are:
1. 18 Jun 2016, female (worker), Yellow
Medicine Co. (44.7072, –96.3972),
Pennarola leg., net, Trifolium
pratense [USGSDRO490051].
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2. 10 Jul 2016, female (worker), Ulen
WMA, Clay Co. (47.0820, -96.3382),
Pennarola & Leone leg., bowl trap
[USGSDRO508404].
Community science records from
iNaturalist
There have been 10 total observations
of B. nevadensis in Minnesota posted to the
community science website iNaturalist.
Some records may be observations of the
same individual.
1. 8 Aug 2016, queen, Lake Harbor,
Lake Co., observed by Melissa Rainville on iNaturalist (username elissrainville, https://www.inaturalist.
org/observations/3842280).
2. 31 Aug 2016, queen, Duluth, St. Louis
Co, observed by iNaturalist user
icenine5580 (https://www.inatural
ist.org/observations/4006167)
3. 5 Aug 2018, male, Hawk Ridge Bird
Observatory, St. Louis Co., observed
by iNaturalist user dexternienhaus (https://www.inaturalist.org/
observations/23094192).
4. 8 Aug 2019, male, Duluth, St.
Louis Co., observed by iNaturalist user snapdragon822 (https://
www.inaturalist.org/observations/
30450704).
5. 25 Jul 2020, female (queen?), Duluth, St. Louis Co., observed by
iNaturalist user dssmn (https://
www.inaturalist.org/observations/
54306526).
6. 26 Jul 2020, female (queen?), Duluth, St. Louis Co., observed by iNaturalist user dssmn (https://www.
inaturalist.org/observations/
54461388).
7. 26 Jul 2020, female (queen?), Duluth, St. Louis Co., observed by iNaturalist user dssmn (https://www.
inaturalist.org/observations/
54461740). Observed six minutes
after the previous observation and
may be the same bee.
8. 5 Aug 2020, male, Duluth, St. Louis
Co., observed by iNaturalist user davidenrique (https://www.inaturalist.
org/observations/55619527).
9. 27 Jul 2020, worker, Duluth, St. Louis Co, observed by iNaturalist user
dssmn (https://www.inaturalist.
org/observations/54519238).
10. 3 0 Jul 2021, worker, Duluth,
St. Louis Co., observed by Tina
Boucher on iNaturalist (username tina_boucher, https://www.
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inaturalist.org/observations/
89237669).
Other community scientist records
One observation of B. nevadensis was
posted to Twitter.
1. June 2021, female (queen?), Warroad, Roseau Co., observed by
Twitter user @Hogan698 (https://
twitter.com/Hogan698/status/
1402330272641728515).
Observations from the Minnesota
Department of Natural Resources
Two observations of B. nevadensis
were provided from bee surveys by the Minnesota Department of Natural Resources.
Specimens were not collected but photos
were taken and confirmed.
1. 2 Aug 2021, female, Murray Co.
(43.915525, –95.968497), observed
by Lisa Gelvin-Innvaer of the
Minnesota Department of Natural
Resources, foraging on Monarda
fistulosa. Photos confirmed by ZP.
2. 3 J u n 2 0 2 1 , q u e e n , L i n c o l n
Co.(44.2643, –96.3083), observed
by Bob Dunlap of the Minnesota
Department of Natural Resources,
foraging on Hydrophyllum virginianum. An online record of the
observation is available at https://
www.bumblebeewatch.org/app/#/
bees/view/85087.
Summary and distribution of Bombus
auricomus and B. nevadensis
In total, there are 19 records of B. nevadensis in MN: 4 sightings by ZP, 2 records
from MNDNR surveys, 2 museum specimens
from the University of Minnesota Insect
Collection, 10 iNaturalist observations,
and 1 community science observation from
Twitter. In contrast, B. auricomus is much
more common and abundant in Minnesota,
with over 1240 records of B. auricomus
(822 iNaturalist observations, 391 collected
specimens, and 30 other observations). There
were more iNaturalist observations than
records from traditional methods, though
some of the iNaturalist observations may be
the same bee (e.g. iNaturalist observation 7
of B. nevadensis was observed six minutes
before observation 6 by the same user at
the same location). In addition, iNaturalist
observations are generally concentrated
around population centers (Fig. 2B).
We found that there is overlap between
B. auricomus and B. nevadensis in some
areas of the state but not others. Bombus au-
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Figure 2. (A) Ranges of Bombus nevadensis (purple dots) and B. auricomus (yellow dots) in Minnesota; (B) Breakdown of B. auricomus records between museum specimens (yellow dots) and community
science observations (green dots).

ricomus primarily occurs in the southern half
of the state, whereas B. nevadensis primarily
occurs in the northern and western areas of
the state (Fig. 2A). We were unable to confirm any northern records of B. auricomus
in Minnesota, and as a result, all northern
records of the subgenus Bombias appear to
be B. nevadensis. Bombus auricomus and B.
nevadensis overlap in two areas of the state:
southwestern areas of Minnesota and in St.
Paul (Fig. 2A).
Identification of Bombus auricomus
and Bombus nevadensis in Minnesota
Examination of available material of
B. auricomus and B. nevadensis revealed
both color and morphological characters that
allow for their consistent identification in
Minnesota and surrounding states. Based on
the relatively sparse male material, identification of males based on color is less certain,
but they can be separated by the genitalia.
Given the variation in color patterns seen in
other areas of the range of B. nevadensis (see
Williams et al. 2014), caution is warranted
when identifying based on coloration in
other areas.

https://scholar.valpo.edu/tgle/vol55/iss1/1

Female B. auricomus and B. nevadensis share the same basic color pattern of having the dorsum of the thorax yellow in part,
the sides of the thorax black, T1 partially
yellow, and T2–3 yellow, with the rest of
the abdomen black. However, B. auricomus
always have a complete black band between
the wing bases, whereas B. nevadensis have
the black hairs limited to a black square
medially (Fig. 3B), and the scutum hairs
can even be entirely yellow. Occasionally B.
nevadensis have dark hairs that extend all
the way to the tegula, but these are always
intermixed with the light hairs. In contrast,
B. auricomus always has the dark hairs
extend to the tegula (Fig. 3A) with at most
a few intermixed light hairs.
Bombus auricomus often has black
hairs on the scutellum, whereas B. nevadensis has the scutellum entirely yellow (Fig.
3B). In lighter specimens of B. auricomus
(as in Fig. 3A), the scutellum is fully yellow,
but in these cases, the hairs on the vertex are
also predominantly yellow (Fig. 3A), whereas
B. nevadensis always has mostly black hairs
on the vertex (as in Fig. 4C). On the abdomen, B. auricomus typically have the hairs
on T1 predominantly black, whereas B. ne-
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Figure 3. (A) Light worker of Bombus auricomus; (B) Typical color pattern of Bombus nevadensis;
(C) Punctures on the side of B. auricomus, showing dense punctures; (D) Punctures on the side of B.
nevadensis, with punctures separated by about 1 puncture width.

vadensis have the hairs on T1 predominantly
yellow, though this is variable.
Finally, there are subtle but consistent
differences in the shade of the yellow hairs.
Bombus auricomus are more of a pale, whitish-yellow, whereas B. nevadensis are more
of a darker yellow. However, fading of hairs
makes this character unreliable.
In addition to color characters, females
can also be separated using morphological
characters. Previous researchers have pointed to the sculpturing of the area lateral to the
ocelli as a diagnostic character for splitting
auricomus and nevadensis (Williams 1998,
Williams et al. 2014). Specifically, the area
between the ocelli and the eye is tessellate
in B. auricomus (Figs 4A, B) but is mirror-smooth in B. nevadensis (Figs 4C, D).
Our own examination has largely supported
this character, though we have found two B.
auricomus that lack tessellation in this area.
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In addition, the punctures of B. auricomus on
the face and thorax are consistently larger
and coarser (Figs 3C, 4B), whereas B. nevadensis have the punctures finer and more
separated (Figs 3D, 4D). This character is
subtle but consistent, and is most apparently
on the sides, scutum, and vertex.
Male B. auricomus and B. nevadensis
are more difficult to separate than females.
Both species are characterized by their
greatly enlarged eyes and both typically have
T1–3 yellow and a primarily yellow thorax.
In general, B. nevadensis males have more
extensive lighter coloration than B. auricomus. Specifically, B. nevadensis typically
have the thorax entirely yellow, T4 yellow,
at least in part, and orange hairs on T5 and
T6. In comparison, B. auricomus typically
have T4 black, have at least some black on
the scutum, and T5 and T6 have only black
hairs. The presence of orange hairs at the
apex of the abdomen in B. nevadensis has
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Figure 4. Sculpturing around the occelli of Bombus auricomus and B. nevadensis: (A) Bombus auricomus ocellar area; (B) Zoomed-in view of B. auricomus ocellar area, arrows indicate areas with
tessellation; (C) B. nevadensis ocellar area; (D) Zoomed in view of B. nevadensis ocellar area, arrows
indicate smooth areas that lack tessellation.

typically been treated as diagnostic. However, in the UMSP collection, there are some
B. auricomus males with a small amount
of orange hairs on the tip of the abdomen
as well. As a result, a bee with T1–3 yellow
and with a small amount of orange on T5–6
can potentially be either B. nevadensis or B.
auricomus. Finally, the extent of black hairs
on the dorsum of the thorax is extremely
variable in B. auricomus, ranging from an
entire black band to entirely yellow.
Morphologically, we have only found
genitalia characters that can split B. auricomus and B. nevadensis males. Previous
researchers have pointed to the tessellation
around the ocelli as a potential splitting
character for males (Williams et al. 2014),
but we have not been able to discern that
character in our lone available male specimen. Additional material may reveal external morphological differences. Although
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we were not able to find consistent external
morphological differences, the genitalia can
separate B. auricomus and B. nevadensis.
Specifically, the apex of the gonostylus is
more narrowed and pointed inwards in B.
auricomus (Fig. 5A, little red arrow), which
results in a broader lateral flap of the volsella along the border of the gonostylus (Figs
5A, C, big red arrow). In comparison, B.
nevadensis has the gonostylus more broadly
rounded (Fig. 5B, little red arrow), with a
narrower extension of the volsella along the
lateral margin of the gonostylus (Figs 5B, D,
big red arrow). These genitalia characters
were previously identified and illustrated by
Franklin (1913, reproduced in Fig. 6), though
we have not found mention of this character
by any subsequent authors. Additional genitalia characters include the shape of the
apicomedial margin of the gonocoxite, which
is more rounded in B. auricomus (Fig. 5A,
6A) and more squared-off in B. nevadensis
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Figure 5. Male genitalia: (A) Bombus auricomus dorsal view; (B) B. nevadensis dorsal view; (C) B.
auricomus lateral view; (D) B. nevadensis lateral view. All scale bars = 1 mm.

(Fig. 5B, 6B). In addition, B. auricomus has
the penis valves noticeably thicker when
viewed laterally (Fig. 5C) compared to B.
nevadensis (Fig 5D).
Discussion
Our findings demonstrate that both
B. auricomus and B. nevadensis occur in
Minnesota. This represents an expansion
of the known range of B. nevadensis, which
previously had its easternmost record in
eastern North Dakota (Williams et al. 2014).
Despite the lack of records prior to 2016, it
seems clear that Minnesota is part of the
historic range of B. nevadensis. Particularly
in the western areas of the state, these areas are close enough to the known historic
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range of B. nevadensis in North Dakota and
Manitoba (Williams et al. 2014) that their
absence can likely be chalked up to a lack of
historic sampling in those areas. In addition,
the number of observations of B. nevadensis
in the Duluth area suggests that the bee has
been there for some time rather than being
a recently established population. That
same area along Lake Superior also hosts
populations of another primarily western
bumblebee, B. melanopygus Nylander, and
similar historic biogeographic factors may
be influencing both species. Further, we only
examined Minnesota specimens, and given
the tangled taxonomic history between B.
auricomus and B. nevadensis, it is possible
that historic specimens of B. nevadensis exist
in collections but have been misidentified.
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Figure 6. Illustrations of the dorsal genitalia adapted from Franklin (1913):
(A) Bombus auricomus; (B) Bombus nevadensis.

Finally, given the range of B. nevadensis in
Minnesota, our results raise the possibility
that B. nevadensis occurs in western Wisconsin and northwestern Iowa.
Our discovery of B. nevadensis in St.
Paul was unexpected. Although it is likely
that western and northern Minnesota is part
of the historic range of B. nevadensis, the
population in St. Paul has a more uncertain
provenance. Based on the observation of B.
nevadensis in St. Paul over two years (three
workers in 2020 and one queen in 2021) it
indicates that there is (or was) an established
and breeding population of B. nevadensis
present. Given the lack of historic records
of B. nevadensis in the area, combined with
the relatively intensive sampling and observations in and around the Twin Cities, this
suggests that the St. Paul B. nevadensis population has established relatively recently.
However, this is relatively speculative. More
work is needed to determine the extent of the
St. Paul population and to see if it persists. If
the St. Paul population is new, it would join
a few other US bumblebee species that are
expanding their range, such as B. impatiens
Cresson and B. bimaculatus Cresson (Colla
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et al. 2012, Jacobson et al. 2018, Guzman
et al. 2021).
Our findings agree with the consensus
that B. auricomus and B. nevadensis are
distinct species (Scholl et al. 1992, Williams
1998, Cameron et al. 2007, Colla et al. 2011,
Williams et al. 2014). In particular, differences in the morphology of the genitalia—
originally documented by Franklin (1913)
and expanded upon here—provide definitive
support for this hypothesis. That these differences in genitalia were not discussed by
subsequent workers who synonymized the
species (e.g. LaBerge and Webb 1962, Milliron 1971) is surprising, and it demonstrates
the value of reviewing older taxonomic
literature, which can contain insights and
high-quality work. Due to lack of material
we have been unable to find external morphological differences in males, though these
may be found in the future with the examination of more specimens. In addition, more
work is needed to explore and document the
geographic patterns of color patterns in both
males and females, since the color patterns
of B. auricomus and B. nevadensis are both
variable and overlapping.
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Our understanding of B. nevadensis in
Minnesota benefitted from the community
science platform iNaturalist. Community
science is a powerful tool for generating
large amounts of data but it has certain
drawbacks (Silvertown 2009, Theobald et al.
2015). Particularly in bees, the observations
generally require expert confirmation (Falk
2019, MacPhail et al. 2020), which was the
case in our study, with many of the first
observations of B. nevadensis misidentified
as B. auricomus. Further, data collected by
community scientists are mostly concentrated in urban areas and high population
centers (Geldmann et al. 2016). This can lead
to a sampling bias, where rural areas are relatively under surveyed using community science methods. This bias is evident when comparing the distribution of B. auricomus from
community science observations on iNaturalist and entomological specimens collected by
researchers (Fig. 2B). Observations collected
from iNaturalist are mostly concentrated in
eastern Minnesota, with most observations
being in the Minneapolis-Saint Paul metropolitan area. In contrast, specimens collected
by researchers were often collected from
areas where there are no observations of B.
auricomus via iNaturalist. A similar pattern
was seen with the four westernmost records
of B. nevadensis, which were found during
surveys by researchers at the University of
Minnesota and the Minnesota Department of
Natural Resources. This comparison shows
the strength of citizen science as a means for
data collection in population centers but also
the importance of accounting for bias when
using community-science data (Geldmann et
al. 2016). If the use of volunteer-based data
collection websites is continued to be used
in monitoring, expanding usage to outside of
urban areas will be an important next step.
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Abstract
The emerald ash borer (EAB) (Agrilus planipennis Fairmaire) (Coleoptera: Buprestidae), native to East Asia and discovered in Michigan in 2002, has been a devastating pest of
North American ash trees (Fraxinus spp.). Along with native ecosystems in Eastern North
America, a large percentage of urban canopies in many North American cities consist of
ash trees, and many of these areas have lost or risk losing these valuable trees. As part
of a multi-faceted management strategy, it is important to develop and plant cultivars of
ash with resistance to this damaging insect. Given that EAB is not considered a pest in
its native range of East Asia, we suspect that Asian ash taxa may have some resistance
based on their co-evolutionary relationship to the beetle. To test for possible resistance in a
range of Fraxinus and Ulmus taxa, a series of no-choice adult EAB maturation laboratory
feeding bioassays and larval phloem utilization and suitability bolt studies were performed
with 19 different Asian, European, and North American Fraxinus and 16 different Ulmus
taxa. Adult leaf-feeding susceptibility was variable among the Asian ash taxa. Fraxinus
chinensis, F. chinensis subsp. rhynchophylla, and F. mandshurica were found to be the least
susceptible. Larval phloem utilization studies revealed that F. chinensis and F. chinensis
subsp. rhynchophylla were less suitable compared with F. mandshurica, F. angustifolia
subsp. angustifolia, and the highly suitable F. pennsylvanica. None of the Ulmus taxa
tested were susceptible to adult feeding or suitable for larval development. This study has
revealed potential Fraxinus species to be used in future breeding programs and plantings.
Keywords: Emerald Ash Borer, Fraxinus, Ulmus, Host Plant Resistance

Since its discovery in 2002 in Michigan, the emerald ash borer (EAB) (Agrilus
planipennis Fairmaire) (Coleoptera: Buprestidae) has killed millions of North American
ash trees (Fraxinus spp.) throughout the
trees’ natural range (Haack et al. 2002, Cappaert et al. 2005, Poland and McCullough
2006). Both rural and urban forests have
been heavily impacted by this invasive,
non-native wood-boring insect (www.emeraldashborer.info). The use of systemic chemical insecticides for the protection of urban
and landscape trees has been shown to be
effective in protecting trees from feeding by
EAB but is not sustainable long-term, while
in rural forests, chemical management is not
feasible or economical. In some cases, the use
of classical biological control (i.e., the release
of non-native egg and larval parasitoids)
shows promise (Duan et al. 2013, Bauer et al.
2015). Host plant resistance can potentially
offer a long term, sustainable approach for
managing EAB, and has been used to breed
and select cultivars of other tree and shrub
species, including the American Chestnut
(Castanea dentata) and American Elm (Ul-
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mus americana), with resistance to serious
pests and diseases (Ware 1992, Smalley
and Guries 1993, Miller 2000, Herms 2002,
Anagnostakis 2012).
Although all North American Fraxinus
species are susceptible to EAB, they vary
in their susceptibility. Research has shown
that green ash (Fraxinus pennsylvanica) and
black ash (F. nigra) are highly susceptible
to EAB, followed by less susceptible white
ash (F. americana), and the least susceptible blue ash (F. quadrangulata) (Cappaert
et al. 2005; Poland and McCullough 2006;
Anulewicz et al. 2007, 2008; Pureswaran
and Poland 2009; Tanis and McCullough
2012, 2015). In its native range, EAB feeds
on F. mandshurica and F. chinensis (Chinese
Academy of Sciences 1986, Yu 1992, Haack et
al. 2002), but is considered a secondary pest
that attacks stressed trees and rarely causes
tree mortality. Recent studies have shown
that F. mandshurica is much less susceptible
to EAB, however, when hybridized with the
North American F. nigra ‘Northern Treasure’, EAB susceptibility greatly increased
(Rebek et al. 2008, Pureswaran and Poland
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2009, Tanis and McCullough 2015). Due to
its inherent resistance to EAB, F. mandshurica has been studied extensively in an
attempt to elucidate mechanisms of resistance (Eyles et al. 2007; Cipollini et al. 2011;
Rivera Vega 2011; Whitehill 2011, 2012;
Chakraborty et al. 2014). In their native
range, F. chinensis, and F. chinensis subsp.
rhynchophylla have also shown resistance
to EAB, suggesting that there are additional
taxa yet to be examined that could contribute
to a better understanding of resistance in
Fraxinus (Liu et al. 2007). Of the 43 known
species of Fraxinus, 20 are of Asian origin
(Wallander 2008), but to the best of our
knowledge, only a few studies have examined
adult EAB feeding susceptibility and larval
suitability on Asian or European taxa other
than F. mandshurica (Siegert et al. 2014,
Koch 2015, Poland et al. 2015, Kelly et al.
2020). Asian or European Fraxinus taxa
with greater resistance could be selected for
urban plantings in North America or used
in breeding programs to confer resistance
genes to cultivars of North American ash for
reforestation efforts. This breeding strategy
has proven successful in the development
of a chestnut blight resistant American
Chestnut, which was created by backcrossing
with the more resistant Chinese Chestnut
(Castanea mollissima) (Anagnostakis 2012,
Westbrook et al. 2019) and could potentially
be utilized in the creation of resistant North
American ash.
Studies from Japan have reported
EAB feeding on Asian species of Ulmus and
other genera (Kurosawa 1956; Akiyama and
Ohmomo 1997, 2000; Sugiura 1999), A later
study found that EAB larvae were unable to
feed or develop on the phloem of American
elm trees (Anulewicz et al. 2008) but they
did not record leaf feeding activity on Ulmus
by adult EABs or examine other Asian and
North American Ulmus species.
Adult EABs require a 10 to 14-day
leaf-feeding maturation period in order to
mate and reproduce, therefore leaf quality
and chemistry can be very important in host
susceptibility and suitability (Lelito et al.
2007, Rodriguez-Saona et al. 2007, Herms
and McCullough 2014, Chen et al. 2011b,
Poland et al. 2015). Additionally, once the
eggs hatch and the larvae bore into the host
tree, phloem chemistry and host response
play a critical role in larval establishment
and development (Chen and Poland 2009,
2010; Chen et al. 2011a, 2012; Poland et
al. 2015). In some cases, ash species, even
those considered susceptible, are actually
able to ‘wall off” or callous over EAB larvae
resulting in larval starvation and death
(Duan et al. 2010).
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In an attempt to determine the relative resistance of Asian, European, and
North American Fraxinus and Ulmus taxa
to EAB, we conducted a series of adult maturation feeding bioassays and larval phloem
utilization studies in both laboratory and
field settings. Objectives of this study were
to determine the relative susceptibility
of Asian, European, and North American
Fraxinus and Ulmus taxa to adult feeding,
and the relative suitability of these taxa for
adult survival, and larval establishment,
development, and survival. Results from this
study will hopefully contribute to a greater
understanding of Fraxinus resistance to EAB
and the development of EAB resistant ash
trees for use in the developed landscape in
areas impacted by the insect.
Materials and Methods
Plant Material: Fraxinus and
Ulmus. Three of the taxa evaluated in this
study were obtained from seed collected
during a 2008 joint expedition to Shaanxi
Province, China (Bachtell and Siegel 2010).
These seeds, along with seeds of 16 other
taxa obtained from botanic gardens and
arboreta around the world, were propagated and planted at The Morton Arboretum
(TMA) in Lisle, Illinois in the Arboretum
tree breeding nursery and main Arboretum
collections. Two of the trees were grafted (F.
platypoda and F. angustifolia subsp. syriaca
(syn. F. syriaca)) and only one was a clone
(F. angustifolia subsp. syriaca (syn. F. sogdiana)). Taxonomic groupings determined by
Wallander (2008, 2012) were used to confirm
species designation. With the exception
of the F. pennsylvanica and F. americana
standards, which had been growing at the
arboretum for at least 50 years at the beginning of the leaf-feeding and bolt studies,
the remaining candidate Fraxinus taxa were
four to 20 years old, approximately 5–30 cm
(2–12 in) DBH, and 1.5–6 m (5–20 ft) tall.
Ulmus americana, U. procera, and U. pumila
were large mature trees over 50 years old
with DBHs > 60 cm, and approximately 15
m (50 ft) tall. The remaining Ulmus taxa
were 6 to 37 years old, approximately 7.5 to
50 cm (3 to 20 in) DBH, and 3–9 m (11–34
ft) tall. See Tables 1 and 2 for a complete
list of all Fraxinus and Ulmus taxa evaluated in this study. Leaves and bolts of the
highly preferred F. pennsylvanica served as
a standard and were collected from trees in
TMA collections and the Greene Valley Forest Preserve in Woodridge, Illinois (DuPage
County). Ulmus foliage and bolts were harvested from Ulmus taxa, and the susceptible
standard, F. americana trees growing in the
collections at The Morton Arboretum (TMA).
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16
16
12
12

15–20
15–20
10–15
10–15

F. angoxy
F. angsyr
F. excel
F. mand

4
16

2.5–5
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China

F. spaethiana

1SW=Southwest; 2S=Southern; 3C=Central; 4N=Northern; 5E=Eastern

F. platy

7.5-12
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Section Incertae sedis
F. platypoda

1

Tree Age
(yrs)

F. angang 15–20

F. anom

Code		
Assigned DBH (cm)

2022

Section Melioides
F. americana
E USA and E Canada		
F. amer
20–25
20
F. pennsylvanica
C and E USA, Canada
F. lanceolata, F. pubescens, F. tomentosa
F. . penn
20–25
20
							
Section Ornus
F. apertisquamifera
Japan		
F. aper
2.5–5
4
F. baroniana
China		
F. bar
2.5–5
4
F. bungeana
China		
F. bun
15–20
16
F. chinensis subsp. chinensis
China, Korea
F. caudata, F. lingelsheimii,
F. chi
10–15
12
		
Vietman, Thailand
F. medicinalis
			
F. rhynchophylla var. huashanensis,
			
F. sargentiana, F. szaboana, F. yunnanensis
F. chinensis subsp. rhynchophylla N China, Korea
F. japonica, F. rhynchophylla
F. chirhy 10–15
12
		
Japan, SE Russia
F. floribunda
Himalaya, E Asia
F. insularis, F. stylosa, F. retusa,
F. flor
5–7.5
6
			
F. odontocalyx, F. fallax
F. lanuginosa
Japan		
F. lanu
2.5–5
4
F. longicuspis
Japan
F. borealis
F. long
2.5–5
4
F. ornus
C and E Mediterranean, SW Asia		
F. orn
10–15
12
F. paxiana
Himalaya, China
F. sikkimensis,
F. pax
10–15
12
			
F. suaveolens, F. depauperata

Section Fraxinus
F. angustifolia
SW Europe,		
subsp. angustifolia
NW Africa
F. angustifolia
S2 and C3 Europe
F. oxycarpa,
subsp. oxycarpa
to Central Asia
F. oxyphylla, F. pallisiae
F. angustifolia.
Turkey to Central Asia
F. syriaca,
subsp. syriaca 		
F. potamophila F. sogdiana
			
F. turkestanica
F. excelsior
N4 and C Europe
F. coriariifolia.
		
to W Russia
F. mandshurica
China, Japan
F. nigra.
		
Korea, E5 Russia
subsp. Mandshurica

Section Dipetalae			
F. anomala
SW1 USA
F. lowelli, F. potosina

				
Section and species
Geographic origin1
Synonyms.

Table 1. Fraxinus taxa evaluated by taxonomic section, geographic origin, synonyms, code assigned, DBH, and tree age (after Wallander
2012).
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Table 2. Ulmus taxa, evaluated by geographic origin, DBH, and tree age.
Ulmus taxa

Geographic origin

U. alata
U. americana
U. bergmanniana
U. castaneifolia
U. chenmoui
U. crassifolia
U. davidiana
U. laevis
U. lamellosa
U. macrocarpa
U. parvifolia
U. procera
U. pumila
U. szechuanica
U. thomasii
U. Morton Glossy ‘Triumph’

North America
North America
Asia
Asia
Asia
North America
Asia
Europe
Asia
Asia
Asia
Europe
Eurasia
Asia
North America
Asia

Emerald Ash Borers (EABs). Beetles used in the leaf-feeding and bolt studies
were reared from infested green (F. pennsylvanica) and white ash (F. americana) trees
from the greater Chicago metropolitan area.
The EAB ash rearing logs were placed in
an outdoor screened rearing cage (8 × 6 × 8
feet) and the beetles were allowed to emerge.
Adult EABs were collected daily as they
emerged and placed on F. pennsylvanica
foliage until used in the feeding bioassays. In
2017 and 2018, due to a decrease in EAB populations in the local area, beetles and eggs
were also obtained from the USDA-APHIS
EAB Biocontrol Rearing Facility (Brighton,
Michigan).
Fraxinus Larval Phloem Utilization Bioassays. Depending on availability,
three to four individual ash trees per taxon
were selected for study. In the summers of
2017 and 2018, three to four healthy ash
branches 6.5 to 10 cm in diameter were
collected from trees of F. floribunda (syn.
F. stylosa), F. mandshurica, F. chinensis,
F. chinensis subsp. rhynchophylla, and F.
angustifolia subsp. angustifolia growing in
TMA tree breeding nursery, brought to the
laboratory, and cut into ~17 cm-long bolts.
Bolts of the susceptible F. pennsylvanica
standard were collected from the Greene
Valley Forest Preserve, since no untreated
F. pennsylvanica survived onsite at TMA.
All cut ends were sealed with Parafilm™
and bolts were placed into zip-sealed plastic
bags to prevent desiccation and stored in a
walk-in cooler at ~ 4 °C until needed. At the
beginning of each study, bolts were surface
sterilized with a 30-minute soak in a 10%
bleach solution, rinsed thoroughly with
running tap water, and allowed to dry at
room temperature.

https://scholar.valpo.edu/tgle/vol55/iss1/1

DBH (cm)
20–25
75–100
7.5–10
7.5–10
7.5–10
25–30
30–35
45–50
25–28
20–25
35–40
63–68
63–68
28–33
28–33
25–30

Tree age (Yrs.)
20
75
6
6
6
25
27
37
21
16
35
50
50
27
27
20

Methods for phloem assays were
informed by methods used by the USDA-APHIS EAB Biocontrol Rearing Facility
(Brighton, Michigan). Filter paper discs containing eggs laid by adult female EABs were
cut into small sections containing 2–6 eggs
each. A total of 10 eggs from a randomized
combination of several different discs were
placed on each of six bolts for each taxon
tested. The filter paper containing the eggs
was pinned with the eggs next to the bark
and gently wrapped with Parafilm™ to prevent desiccation. The bolts were then placed
in a shallow plastic tray with ~ 1.5 cm of tap
water and held in an incubator at a L:D 16:8,
28 °C, and 60–70% relative humidity. Fungal contamination was managed by wiping
the bolt surface with a 10% bleach solution
once the larvae had bored into the cambium region. The bolts were left undisturbed
for approximately 60 days, after which the
bolts were removed from the incubator and
examined for evidence of larval feeding
and development, and pupal development.
Gallery lengths were measured, after which
larvae in pre-pupal chambers were removed.
The number and instar of surviving larvae
were recorded (with the “J” prepupal stage
considered instar five for calculating means).
In 2017, the total gallery area was quantified
by measuring the length of each gallery,
calculating the average of the largest and
smallest gallery widths and multiplying to
obtain the approximately total gallery area.
In 2018, gallery area was determined by
marking galleries with a black permanent
marker, photographing the galleries, and
then using ImageJ software (Rasband 1997)
to measure total gallery area. Gallery density on each bolt was equal to total gallery area
(cm2)/ total bolt surface area (cm2).
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Ulmus Larval Phloem Utilization
Field Studies. In summer of 2014, larval
phloem utilization studies were conducted
on three Asian Ulmus taxa: U. szechuanica,
U. macrocarpa, and U. davidiana. Fraxinus
americana served as the standard. Depending on availability, on 1 and 2 June, four to
five branches were taken from each of three
elm trees per taxon, and from the white
ash standard from trees growing in the elm
collection at TMA. The branches were cut
into bolts 3.8 to 7.6 cm (1.5–3 in) in diameter and 30 to 38 cm (12–15 in) long, the cut
ends were waxed, and the bolts were held in
a cooler (4 °C) until placed in the field on 3
June 2014. One bolt set included one bolt of
each of the three elm taxa and the white ash
standard. One bolt set was then positioned
in one of each of nine different EAB-infested
F. pennsylvanica parkway trees in the towns
of Woodridge and Downers Grove (DuPage
County, IL). There were nine single bolt
replicates for each of the three elm taxon and
the white ash standard. Where possible, the
four bolts in each bolt set were attached to
a vertical branch, using cable ties, in one of
the four cardinal directions within the tree
canopy approximately 3.7–4.6 m (12–15 feet)
off the ground. The arrangement of an individual bolt, on a given branch, within a bolt
set, was randomized, and the ends of each
bolt within a set, were slightly overlapped
with the bolt immediately above and immediately below. Each bolt was labeled with a
black waterproof marker for species identification. Bolts were removed in mid-August,
peeled, and examined for EAB life stages,
number and size of galleries, and number
of adult exit holes.
In 2015, a similar study to the one
described above was conducted using
EAB-infested green ash trees growing in
the Greene Valley Forest Preserve (GVFP)
(DuPage County, IL). Bolts were prepared
and arranged within the tree canopy as
described previously on 8 June 2015. Four
commercially available newly released elm
hybrids growing in the elm collection at
TMA were evaluated, including ‘Accolade’,
‘Triumph’, ‘Danada Charm’, and ‘Commendation’. Fraxinus pennsylvanica served as
the standard. In mid-August, bolts were
removed then peeled to determine EAB life
stages present, number and size of larval
galleries, and number of adult exit holes. For
2014 and 2015, total phloem surface area and
total phloem utilization area were calculated
as described above for Fraxinus trials.
Adult EAB Maturation Feeding
Laboratory Bioassays for Fraxinus and
Ulmus taxa. Maturation leaf feeding laboratory bioassays were conducted from 2011
through 2017 on 19 different Fraxinus taxa,
and in 2013 on 16 different Ulmus taxa.
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Mature leaves were collected from untreated
trees growing on the grounds of TMA from
three single tree replicates for each taxon
tested to increase genetic diversity. Leaves
were collected from the terminal end of
branches and sampled from all four cardinal
directions (N, S, E, W) at approximately
mid-canopy. Once collected, the leaves were
placed in clear plastic zip-sealed bags and
stored in a walk-in cooler (4 °C) until needed. Leaves were gently washed in distilled
water to remove debris and detached from
the stem. Leaf petioles were placed in a floral
water pick filled with distilled water. Fraxinus and Ulmus leaves were then placed in
a 1-liter plastic yogurt cup with a vented lid
with three to four adult EABs. Each yogurt
cup served as a single experimental unit
(i.e. feeding trial). Experimental units were
maintained in a growth chamber at 28 °C,
~60% RH, and a 16:8 L:D photoperiod for
EAB feeding. The number of ash and elm
experimental units (i.e. feeding trials) in
a given year was a function of the number
of available adult EABs. Refer to Tables 3
and 4 for a list of the Fraxinus and Ulmus
taxa evaluated, and the total number of
experimental units (i.e. feeding trials) conducted from 2011 to 2017. The containers
were checked every one-to-two days and the
number of dead beetles was recorded. Leaves
were replaced as needed to ensure palatability. The amount of leaf tissue consumed
(nearest 5%) was visually estimated by two
independent assessors using a defoliation
template. Once all of the beetles within a
given cup had died, the study was terminated
and the frass was collected, air dried, and
weighed (nearest mg). Frass per beetle per
day (FBD) was calculated by dividing frass
weight by the number of beetles in a cup, by
the number of days of feeding before death.
Average percent of foliage consumed was
divided by the number of beetles in each cup
to standardize data.
Leaf thickness and toughness.
Prior to the no-choice laboratory adult
feeding trials, leaves of each Fraxinus and
Ulmus taxon tested were measured for leaf
thickness. For each ash taxon evaluated,
five leaflets from each of five ash leaves were
randomly selected and for each elm taxon
evaluated, ten leaves were measured. Leaves
were measured for leaf thickness (nearest
µm) at a point on the leaf approximately
one-half the distance from the leaf margin
to the mid-rib using a Vernier caliper. Elm
leaves for each taxon were also measured for
inner and outer leaf toughness. Inner and
outer leaf toughness was determined to the
nearest gram using a ChatillonTM digital
force meter (Greensboro, N.C.) (penetrometer) applied within 0.5 cm from the edge of
the leaf for measuring outer toughness, and
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Figure 1. Bolt larval gallery density (cm2 consumed/cm2 total phloem area) (mean ± SEM, N = 6) for
each tested Fraxinus taxon in 2017 (black bars) and 2018 (gray bars). F. penn. = F. pennsylvanica, F.
angang. = F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi. = F. chinensis, F.
flor. = F. floribunda (syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp. rhynchophylla. F.
angustifolia subsp. angustifolia was only used in 2018. Bars topped with different uppercase (2017)
or lowercase (2018) letters are significantly different, Tukey’s HSD, P < 0.05.

in the center of the leaf adjoining the mid-rib
for measuring inner toughness.
Statistical Analysis
Phloem utilization larval bolt
studies. All Fraxinus data were analyzed in
R Studio version 3.5.2 (R Core Team 2018).
2017 and 2018 data could not be pooled; thus,
years were analyzed separately. The mean
area of phloem utilized, number of EAB at
each life stage, and larval survival were analyzed using a one-way ANOVA with taxon
as a fixed effect. Means of significance were
analyzed using Tukey’s HSD post-hoc test.
In some cases, a square root transformation
was used to normalize data. If data was not
normally distributed, a Kruskal-Wallis Rank
Sum test was carried out followed by Dunn’s
test if significant differences were seen.
Adult maturation feeding laboratory bioassays. Statistics were carried out
using Sigma Stat (Jandel Scientific 1992).
Percent leaf tissue consumed per beetle and
frass per beetle per day (FBD) were averaged
across all years of the study, and an ANOVA
was used to compare averages among ash
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and among elm taxa. Data was not normal,
so the Holm-Sidak method was used for
pairwise comparisons.
Leaf Feeding Metric Correlations.
R values were calculated using the cor()
function in R and a linear model was used
to calculate significance of the correlation.
Results
Fraxinus: Phloem utilization
and EAB larval development. In 2017,
EAB larvae feeding on F. chinensis subsp.
rhynchophylla and F. floribunda consumed
significantly less phloem per cm2 compared
to larvae feeding on the F. pennsylvanica
standard and F. mandshurica (F = 16.2; df
= 5; P < 0.0001). Larval phloem utilization
on F. chinensis was intermediate (Fig. 1).
Phloem utilization in 2018 mostly paralleled
2017, with the larvae feeding on F. chinensis subsp. rhynchophylla and F. chinensis
utilizing significantly less phloem compared
to larvae feeding on F. pennsylvanica, the
European species F. angustifolia subsp. angustifolia, and F. mandshurica (F = 17.0; df
= 5; P < 0.0001). Contrary to 2017, phloem
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Figure 2. Percent of larvae (mean ± SEM, N = 6) establishing feeding galleries and surviving ~60
days in bolts of each Fraxinus taxon tested in 2017 (black bars) and 2018 (gray bars). F. penn. = F.
pennsylvanica, F. angang. = F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi.
= F. chinensis, F. flor. = F. floribunda (syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp.
rhynchophylla. F. angustifolia subsp. angustifolia was only used in 2018. Bars topped with different
uppercase (2017) or lowercase (2018) letters are significantly different, Tukey’s HSD (2017), Dunn’s
Test (2018), P < 0.05.

utilization for larvae feeding on F. floribunda
was intermediate in 2018 (Fig. 1).
In 2017, a similar pattern was observed for larval establishment and survival
on these same hosts, with significantly fewer
larvae establishing on F. chinensis subsp.
rhynchophylla, and F. floribunda (8% and
10% survival, respectively) compared to F.
pennsylvanica and F. mandshurica with 55%
and 40% survival, respectively (F = 13.2; df
= 5; P < 0.0001). Larval establishment was
intermediate (17%) for larvae feeding on F.
chinensis (Fig. 2). In 2018, larval establishment was similar to 2017 with significantly
fewer larvae creating feeding galleries on F.
chinensis (3%) and F. chinensis subsp. rhynchophylla (4%) compared to F. pennsylvanica
(44%) (X2 = 20.307; df = 5; P = 0.001). Intermediate survival was seen for larvae feeding
on F. angustifolia subsp. angustifolia (28%),
F. mandshurica (18%), and F. stylosa (17%)
(Fig. 2). Notably, in 2018, while larvae were
able to establish in F. chinensis (3%) and F.
chinensis subsp. rhynchophylla, by the time
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they reached 2nd instar, they were callused
over and killed by the cut bolt.
In 2017, the percentage of EAB larvae
reaching the pre-pupal (J-larvae) stage reflected trends of larval survival, with fewer
than 3% of larvae reaching the pre-pupal
stage when feeding on F. chinensis subsp.
rhynchophylla and F. floribunda. Survival to
pre-pupa was significantly higher (F = 15.8;
df = 5; P < 0.003) on F. pennsylvanica (53%)
and was intermediate for larvae developing
on F. mandshurica (35%) and F. chinensis
(10%) (Fig. 3). In 2018, none of the larvae
feeding on F. chinensis, F. chinensis subsp.
rhynchophylla, or F. floribunda survived to
the pre-pupal stage and F. mandshurica only
had 5% survival which was not significantly
higher than the other Asian taxa. F. pennsylvanica and F. angustifolia subsp. angustifolia had significantly higher survival rates,
with 32% and 22% of initial larvae reaching
the pre-pupal stage, respectively (F = 24.1;
df = 5; P < 0.0001) (Fig. 3).
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Figure 3. Percent of larvae (mean ± SEM, N = 6) reaching pre-pupae by ~60 days in bolts of each
Fraxinus taxon tested in 2017 (black bars) and 2018 (gray bars). F. penn. = F. pennsylvanica, F. angang.
= F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi. = F. chinensis, F. flor. = F.
floribunda (syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp. rhynchophylla. F. angustifolia
subsp. angustifolia was only used in 2018. Bars topped with different uppercase (2017) or lowercase
(2018) letters are significantly different, (Dunn’s Test, P < 0.05).

In 2017, larvae feeding on F. floribunda and F. chinensis subsp. rhynchophylla
had significantly slower larval development
after 60 days, on average reaching the 4th
instar (mean instar = 3.75) and 3rd instar
respectively, compared to larvae developing
on F. pennsylvanica and F. mandshurica
which reached the 5th instar. (F = 21.6; df =
5; P < 0.001). Larvae feeding on F. chinensis
reached the fourth instar on average and
did not differ significantly from other taxa
(Fig. 4). In 2018, EAB larvae feeding on F.
mandshurica, F. chinensis, F. floribunda,
and F. chinensis subsp. rhynchophylla had
significantly slower larval development (two
to four instars) compared to larvae feeding on
F. pennsylvanica and F. angustifolia subsp.
angustifolia, on average reaching the 5th
instar with five instars on average (X2 =
37.9; df = 5; P < 0.0001) (Fig. 4).
Ulmus: Phloem utilization and
EAB larval development (2014 - 2015). In
the 2014 field study, larvae did not establish
or construct any galleries when feeding on
the Asian elms U. szechuanica, U. macrocarpa, and U. davidiana. A single replicate out
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of 24 F. americana standards was infested,
with the larva utilizing 13% of the phloem.
In the 2015 field study, larvae established
on bolts of Accolade®, Triumph™, Danada
Charm™, and Commendation™, but used
less than 1% of available phloem while larvae feeding on the standard, F. angustifolia
subsp. syriaca (syn. F. syriaca) consumed 2%
of available phloem.
Fraxinus: Adult no-choice maturation feeding bioassays. Results of the
Fraxinus maturation feeding bioassays are
presented in Table 3. Although there was a
significant difference in leaf tissue consumed
(F = 6.54; df = 18; P < 0.001), leaf feeding was
minimal, ranging from 1.69% (F. anomala)
to 5.68% (F. baroniana) of leaf tissue consumed per adult beetle. F. baroniana had
significantly higher feeding damage than
any other taxa except for F. longicuspis or
F. pennsylvanica, the susceptible standard.
As a general trend, Asian species had the
lowest mean leaf tissue consumed and
European taxa had a moderate amount of
feeding, with the exception of F. excelsior,
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Figure 4. Larval instar (mean ± SEM, N = 6) after ~60 days of feeding on bolts of each Fraxinus taxon
tested in 2017 (black bars) and 2018 (gray bars). F. penn. = F. pennsylvanica, F. angang. = F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi. = F. chinensis, F. flor. = F. floribunda
(syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp. rhynchophylla. F. angustifolia subsp.
angustifolia was only used in 2018. Bars topped with different uppercase (2017) or lowercase (2018)
letters are significantly different, (Dunn’s Test, P < 0.05).

which had nearly the least amount of leaf
tissue consumed per beetle.
Frass production per beetle per day
was also significantly different (F = 6.15; df
= 18; P < 0.001) across all taxa evaluated
across all years, ranging from 1.52 mg/day
(F. paxiana) to 5.43 mg/day (F. pennsylvanica) and showed similar trends to leaf feeding
damage among taxa. Two of the susceptible
North American taxa, F. pennsylvanica
and F. americana, had among the highest
amount of frass produced, along with the
Asian taxa F. longicuspis, F. bungeana, F.
baroniana, and F. apertisquamifera. The
remaining Asian and European taxa had
significantly lower frass weights. F. anomala
had both lower frass production and feeding
damage than other taxa. On the other hand,
although beetles feeding on F. chinensis subsp. rhynchophylla produced high quantities
of frass they exhibited relatively low leaf
feeding. Overall, leaf tissue removed per
beetle and dry frass weight per beetle per
day were correlated (R = 0.66; P = 0.002).
Among geographic groupings of Fraxinus taxa (i.e., Asia, Europe, North America)
there was no significant difference in the
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percent of leaf tissue consumed (F = 2.61;
df = 2; P = 0.12) or frass production (F =
2.18; df = 2; P = 0.15). However, there were
significant differences in frass production
among taxonomic sections (per Wallander
2012) with feeding on the sections Ornus
and Melioides producing significantly more
frass than Fraxinus (F = 3.5; df = 4; P <
0.001) (Fig. 5).
Ulmus: Adult no-choice maturation feeding bioassays. A summary of the
findings for the 16 Ulmus taxa evaluated
is presented in Table 4. All Ulmus species
had < 1% of leaf tissue consumed per adult
EAB, with the exception of U. pumila, which
had 2% leaf tissue consumed per adult EAB,
but this difference was not significant (P <
0.05). The percent leaf tissue consumed per
adult EABs feeding on the preferred ash
hosts (standards) of F. pennsylvanica and F.
floribunda (syn. F. stylosa) was significantly
higher with 3.2%, and 5.5%, respectively (F
= 75.3; df = 15; P < 0.0001). There was no
significant difference in frass production for
adult EABs per day when feeding on Ulmus
taxa (< 2.2 mg/day). Frass production was
significantly higher for adult EABs per day
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Figure 5. Percent of frass per beetle per day (mg) (mean ± SEM, N = 364) compared across taxonomic
groups (per Wallander 2012). F. platypoda is the only taxa listed as Incertae sedis. Bars topped with
different lowercase letters are significantly different, ANOVA, P < 0.05.

when feeding on F. pennsylvanica (4.88 mg/
day)and F. floribunda (syn. F. stylosa) (8.99
mg/day) (F = 27.1; df = 15; P < 0.0001) (Table
4). Adult EABs lived significantly longer on
the highly preferred standards of F. pennsylvanica (mean = 31 days) and F. floribunda
(syn. F. stylosa) (mean = 42 days) compared
with the Ulmus taxa (mean = 5 days).
Leaf Characteristics. A summary
of Fraxinus and Ulmus leaf thickness and
toughness is summarized in Table 5. Fraxinus lanuginosa had thinner leaves (0.07
mm) than any of the other Fraxinus taxa in
this study, but was only significantly thinner
than F. platypoda, F. mandshurica, F. chinensis, and F. bungeana. Fraxinus bungeana
had significantly thicker leaves than all
other taxa (0.24 mm) (F = 207.4; df = 12; P
< 0.0001). Leaf thickness was not correlated
with the percentage of leaf tissue consumed
(R = 0.33; P = 0.25), frass production per
beetle per day (R = 0.10; P = 0.70), or adult
longevity (R = 0.26; P = 0.45).
Leaves of selected Ulmus taxa differed
significantly in their thickness (mm), and
inner and outer toughness (g) (Table 5).
Ulmus castaneifolia had the thickest leaves
while U. alata, U. americana, U. pumila,
U. szechuanica, and U. thomasii had the
thinnest leaves (F = 44.2; df = 13; P < 0.001).
Ulmus lamellosa, U. macrocarpa, U. Morton
Glossy ‘Triumph’, and U. parvifolia had the
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toughest leaves and U. bergmaniana, U.
procera, and U. pumila had the most tender
leaves (inner toughness: F = 30.6; df = 13; P
< 0.001; outer: F = 4.9; df = 13; P < 0.001).
Asian and European elm species had significantly thicker leaves compared with North
American elms (F = 70.0; df = 2; P < 0.001)
and Asian elms had tougher leaves than
European and North American elms (inner:
F = 31.1; df = 2; P < 0.001; outer: F = 39.1; df
= 2; P < 0.001) (Table 6). However, as with
ash, leaf thickness and outer leaf toughness
was not correlated with insect performance
metrics (i.e. leaf feeding, frass production,
or mortality), but inner leaf toughness and
frass production were weakly correlated (R
= 0.48; P = 0.07).
Discussion
This study evaluated a number of
Asian, European, and North American Fraxinus and Ulmus taxa for their susceptibility
to adult EAB maturation leaf feeding, and
suitability for adult EAB survival, and larval
phloem utilization, development and survival. It is hoped that results from this study
will contribute to a better understanding of
host plant resistance in Fraxinus and Ulmus
taxa and provide new insights into the potential use of these taxa in future tree breeding
programs as well as urban reforestation and
landscape efforts following EAB.
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Table 3. Mean (±SEM) percent leaf tissue consumed per adult EAB, and frass produced
per beetle per day for adult emerald ash borers feeding on Asian, European, and North
American ash (Fraxinus spp.) foliage
			
			
Taxa
N1

%Leaf tissue
consumed
per adult EAB

Frass produced
per beetle
per day (FBD) (mg)2

Asian Taxa
F. apertisquamifera
27
F. baroniana
22
F. bungeana
10
F. chinensis	  5
F. chinensis-rhyn.
12
F. floribunda
31
F. lanuginosa
15
F. longicuspis
29
F. mandshurica
24
F. paxiana
10
F. platypoda
16

3.82 ± 0.27ab
5.68 ± 0.69c
2.46 ± 0.15a
2.58 ± 0.23a
2.02 ± 0.19a
2.60 ± 0.30a
2.59 ± 0.53a
4.45 ± 0.48bc
2.16 ± 0.25a
2.62 ± 0.36a
2.32 ± 0.23a

4.482 ± 0.47bc
4.540 ± 0.38bc
4.377 ± 0.28bc
2.272 ± 0.53a
3.403 ± 0.29ab
2.886 ± 0.35a
2.539 ± 1.27a
4.019 ± 0.43bc
1.827 ± 0.19a
1.518 ± 0.27a
2.893 ± 0.23a

European Taxa
F. angustifolia-ang
F. angustifolia-oxy
F. angustifolia-syr
F. excelsior
F. ornus

3.55 ± 0.22ab
3.62 ± 0.22ab
3.17 ± 0.22ab
1.84 ± 0.31a
3.37 ± 0.31ab

2.840 ± 0.17a
2.878 ± 0.13a
1.980 ± 0.080a
1.921 ± 0.20a
3.855 ± 0.37ab

2.78 ± 0.54a
1.69 ± 0.02a
4.74 ± 0.57bc
F=6.54, P<0.001

4.447 ± 0.99bc
1.867 ± 0.33a
5.426 ± 0.62c
F=6.15, P<0.001

34
44
28
10
17

North American
F. americana 	  4
F. anomala	   2
F. pennsylvanica
31
			
1N=Total

number of individual experimental units (i.e. feeding trials) with three to four adult EABs
per feeding trial from 2011 to 2017
2Values with columns with the same letter are not significantly different (Holm-Sidak method, P <
0.05)

Plants defend themselves from herbivores using 1) physical defenses, including
lignification and/or suberization of cell walls,
2) chemical defenses, which consist of secondary metabolites that may act as feeding
deterrents, detriments to insect growth and
development, or lethal toxins, or 3) a combination of both, which is the likely case with
the taxa assessed here (Hoxie et al. 1975;
Meredith and Schuster 1979; Johnson et
al. 1980a,b; Ryan et al. 1982; Matsuda and
Senbo 1986; Southwood 1986; Tingey and
Laubengayer 1986; Doss et al. 1987; Potter
and Kimmerer 1989; Ranney and Walgenbach 1992; Patton et al. 1997; Fulcher et
al. 1998; Rowe and Potter 2000; Dalin and
Bjorkman 2003; Dalin et al. 2008; War et
al. 2012).The expression of these secondary
metabolites may be constitutive (occurring
pre-attack) or inducible (produced in response to attack) (Karban and Myers 1989;
Agrawal and Fishbein 2006; Agrawal 2007,
2011; Eyles et al. 2010; Villari et al. 2015).
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Evaluating differences in the chemical
profiles of leaf and phloem tissues among
the taxa examined in this study was beyond
the scope of this research and was not analyzed. However, physical characteristics of
leaves were examined, and we will discuss
the possible physical plant traits (i.e., leaf
thickness, toughness, and pubescence) of
selected Fraxinus and Ulmus taxa, and
their possible role in host susceptibility and
suitability for maturation feeding by EAB
adults. We will also relate our research to
previous studies examining the effects of
ash phloem chemistry, abiotic factors, EAB
population dynamics, host plant response,
and biological control on larval development,
colonization, and survival.
Fraxinus: Larval phloem utilization bolt bioassays. Although phloem
chemistry was not examined, there appears
to be a strong relationship between certain
Asian Fraxinus taxa and host suitability.
Results from our laboratory larval feeding
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Table 4. Mean (+SEM) percent leaf tissue consumed and frass produced per beetle per
day for adult EABs feeding on Asian, European, and North American Ulmus taxa
			
			
Taxa
N1

%Leaf tissue
consumed
per adult EAB2

U. alata
5
0.0 ± 0.0a
U. americana
5
0.0 ± 0.0a
U. bergmaniana
5
0.1 ± 0.0a
U. castaniefolia
5
0.0 ± 0.0a
U. chenmoui
5
0.1 ± 0.1a
U. crassifolia
5
0.0 ± 0.0a
U. davidiana
5
0.0 ± 0.1a
U. laevis
5
0.0 ± 0.0a
U. lamellosa
5
0.1 ± 0.0a
U. macrocarpa
5
0.0 ± 0.0a
U. parvifolia
5
0.1 ± 0.0a
U. procera
5
0.2 ± 0.1a
U. pumila
5
1.2 ± 0.2ab
U. szechuanica
5
0.0 ± 0.0a
U. thomasii
5
0.1 ± 0.1a
U. Morton ‘Triumph’
5
0.0 ± 0.0a
F. pennsylvanica (Std.)
5
3.2 ± 1.2b
F. floribunda (Std.)
5
5.5 ± 1.7c
(syn. F. stylosa)		
F=75.3, P<0.001

Frass produced
per beetle
per day (FBD) (mg)2
0.649 ± 0.35a
0.442 ± 0.23a
0.640 ± 0.34a
0.409 ± 0.41a
0.442 ± 0.37a
0.600 ± 0.45a
0.009 ± 0.02a
0.640 ± 0.37a
0.400 ± 0.32a
0.442 ± 0.28a
0.468 ± 0.44a
0.566 ± 0.43a
2.132 ± 0.76ab
0.572 ± 0.57a
0.580 ± 0.48a
0.574 ± 0.39a
4.876 ± 0.62b
8.990 ± 1.08c
F=27.1, P<0.001

1Represents five experimental units (i.e. feeding trials) per taxon with three to four beetles per
experimental unit
2Values within columns with the same letter are not significantly different (Dunn’s Test, P<0.05)

bioassays revealed lower host suitability
in the Asian taxa F. chinensis, F. chinensis
subsp. rhynchophylla, and F. floribunda
as demonstrated by significantly lower
phloem utilization, lower larval survival,
fewer larvae reaching the pre-pupal stage,
and slower larval development compared
to larvae feeding on the highly preferred F.
pennsylvanica. In the 2018 trials, no larvae
reached pre-pupal stage when feeding on F.
chinensis, F. chinensis subsp. rhynchophylla,
or F. floribunda. Fraxinus mandshurica,
commonly considered to have some level
of resistance to EAB, was intermediate in
suitability, but was still consistent with
other studies which found F. mandshurica
to be more resistant than F. pennsylvanica,
as well as the other North American taxa F.
americana and F. nigra (Eyles et al. 2007,
Rebek et al. 2008, Tanis and McCullough
2015). The larval suitability of the Asian
taxon F. floribunda was not as consistent
as other taxa across the years of the study
but was less suitable than F. pennsylvanica
in both years. Similarly, larval feeding bioassays by Poland et al. (2015) reported that
EAB larvae feeding on F. chinensis, F. floribunda, and F. mandshurica developed more
slowly and had higher mortality compared
to larvae feeding on the F. pennsylvanica. A
larval phloem utilization study by Siegert et
al. (2014) also found that EAB larvae fed and
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developed on all North American, European,
and Asian ash taxa tested, but survivorship
was higher on North American taxa.
Previous studies that focused on the
susceptibility of North American ash (i.e.,
green, white, black and blue) compared with
the more resistant F. mandshurica have
shown that resistance in F. mandshurica to
EAB larvae probably involves a wide variety
of chemicals including specialized metabolites and phenolics (i.e., phenolic acids, glycosides, lignins, and monolignols) (Eyles et al.
2007, Kostova and Iossifova 2007, Cipollini
et al. 2011, Chakraborty et al. 2014, Villari
et al. 2015). Some of these chemicals can be
found in the phloem of F. mandshurica, but
not in F. pennsylvanica or F. americana (Villari et al. 2015) and may act as antifeedants,
inhibit larval molting and growth, increase
larval stress, reduce or enhance the ability
to metabolize phenolic compounds, alleviate
stressors that predispose plant hosts to colonization, serve as key components in the
structure of wound-induced periderm tissue
browning, and possess insecticidal properties (Ryan 1990, Cabral et al. 1999, Garcia
et al. 2000, Zhu-Salzman et al. 2008, Hill
et al. 2012, Rajarapu and Mittapalli 2013,
Scully et al. 2014, Cipollini and Rigsby 2015,
Rigsby et al. 2015, Villari et al. 2015). Our
phloem utilization and larval development
and survival studies were performed on bolts
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Table 5. Ash (Fraxinus) and elm (Ulmus) leaf thickness (microns) and inner and outer
toughness (g).
Mean leaf
Inner toughness
thickness (microns)1
(g)1

Taxa

Outer toughness
(g)1

Fraxinus
F. bungeana
F. longicuspis
F. longicuspis (field)
F. mandshurica
F. chinensis
F. apertisquamifera
F. floribunda (syn. F. stylosa)
F. lanuginosa
F. pennsylvanica
F. chinensis subsp. rhynchophylla
F. floribunda (syn. F. insularis)
F. platypoda
F. paxiana

		
0.24 ± 0.02c
—
0.15 ± 0.03ab
—
0.17 ± 0.02ab
—
0.16 ± 0.02b
—
0.22 ± 0.05b
—
0.10 ± 0.01ab
—
0.11 ± 0.01ab
—
0.07 ± 0.0a
—
0.14 ± 0.03ab
—
0.16 ± 0.03ab
—
0.13 ± 0.02ab
—
0.21 ± 0.04b
—
0.17 ± 0.02ab
—
F=35.1, P<0.001

Ulmus
U. alata
U. americana
U. bergmanniana
U. castaneifolia
U. chenmoui
U. crassifolia
U. lamellosa
U. macrocarpa
U. Morton Glossy ‘Triumph’
U. parvifolia
U. procera
U. pumila
U. szechuanica
U. thomasii

		
0.22 ± 0.03a
26.44 ± 0.50b
23.63 ± 0.52b
0.18 ± 0.03a
24.40 ± 0.01b
18.55 ± 0.56a
0.33 ± 0.06bc
11.61 ± 0.02a
11.61 ± 0.22a
0.41 ± 0.03c
30.98 ± 0.40c
28.85 ± 0.29d
0.37 ± 0.06bc
28.17 ± 0.40c
24.04 ± 0.33c
0.24 ± 0.02a
25.31 ± 0.47b
21.95 ± 0.46b
0.38 ± 0.05bc
58.97 ± 1.30g
59.88 ± 0.13h
0.37 ± 0.07bc
37.83 ± 0.06e
44.72 ± 0.67g
0.31 ± 0.03b
47.63 ± 0.06f
48.99 ± 0.73g
0.27 ± 0.03b
38.65 ± 0.08e
30.35 ± 0.67e
0.35 ± 0.03b
21.23 ± 0.21a
17.42 ± 0.27a
0.20 ± 0.03a
14.92 ± 0.02a
14.42 ± 0.21a
0.22 ± 0.02a
23.68 ± 0.03b
24.63 ± 0.34b
0.16 ± 0.02a
25.17 ± 0.43b
17.15 ± 0.26a
F=44.2, P<0.001
F=30.6, P<0.001
F=4.9, P<0.001

1Values

—
—
—
—
—
—
—
—
—
—
—
—
—

within columns with the same letter are not significantly different (Dunn’s Test, P<0.05)

instead of live trees, which may reduce the
production of protective and/or defensive
chemicals, however, many of the bolts began
to produce leaves and new shoots over the
course of the study which indicates some
level of physiological activity. It is possible
that some of the same chemical defenses
affording resistance in F. mandshurica may
also be present in the other Asian taxa tested
and require further investigation and study
(Poland et al. 2015).
Outside of the lab, other factors besides
host plant resistance may be responsible for
differential larval survival and development,
including temperature, timing of oviposition, and tree health (Cappaert et al. 2005,
Poland et al. 2015). Ash susceptibility and
EAB establishment is affected by EAB population densities as well as artificial control
measures such as protective insecticides,
ash tree population reduction and sanitation
(i.e. tree removals), biological control, and

Published by ValpoScholar,

combinations of the above (Anulewicz et
al. 2008; McCullough and Mercader 2012;
Marshall 2013; Duan et al. 2014, 2018;
Bauer et al. 2015; Lewis and Turcotte 2015;
Wang et al. 2016; Rutkowski and Mitz 2017;
McCullough 2019; Miller and Mueller 2020;
Bick et al. 2018; Herms et al. 2019; Miller
and Gould 2020).
In this study, larvae feeding on F.
pennsylvanica and the European F. angustifolia subsp. angustifolia had a higher
proportion of larvae reaching the pre-pupal
(“J”) stage which suggests higher suitability
than the other Asian taxa tested. This may
also have other implications for larval survival in the field since pre-pupae are found
deeper in the sapwood than earlier instars,
which may provide better protection from
predators and parasitoids. For example, the
recently introduced non-native parasitoid
Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae) can only oviposit through
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Table 6. Mean (+SEM) leaf thickness (microns), and inner and outer leaf toughness (g) by
geographic origin for Asian, European, and North American Ulmus taxa
		
Taxa

Thickness1
(microns)

Inner (g)

Asian2
European2
North American

0.282 ± 0.02b
0.325 ± 0.04b
0.198 ± 0.02a

30.71 ± 0.03b
24.90 ± 0.03a
25.31 ± 0.04a

29.71 ± 0.28b
23.32 ± 0.26a
20.73 ± 0.24a

F=70.0
P<0.001

F=31.1
P<0.001

F=39.1
P<0.001

Significance:
		

Toughness

Outer (g)

1Values

within a column followed by the same letter are not significantly different (P<0.05; Dunn’s
Test).
2Includes simple and complex Eurasian hybrids
Table 7. Leaf characteristics of selected ash (Fraxinus) taxa (as per Dirr 2009)
Taxon

Leaf characteristics

Asian
F. baroniana
barbate along base of midrib
F. bungeana
glabrous on both surfaces
F. longicuspis
rachis hairy, hairy underneath
F. chinensis spp. rhynchophylla1	
sandpapery rough surface, glabrous above, downy midrib,
papery, rachis pubescent, densely tomentose
F. paxiana
glabrous on both surfaces
F. floribunda (syn. F. stylosa)
glabrous above, midrib and main veins, downy
F. lanuginosa
leaves pubescent
F. platypoda
glabrous above, papillose beneath, down at base of midrib
F. chinensis
glabrous or small hairs
F. mandshurica
scattered bristles above, bristly on midrib and veins
European
F. angustifolia
F. excelsior
F. ornus
F. oxycarpa

glabrous
hairy on midvein (villous)
pubescent on lower base of midrib
hairs at base of midrib

North American
F. anomala
F. americana
F. pennsylvanica

glabrous on both surfaces
hairs on veins (Farrar), glabrous
dense hairs on underneath

1Fraxinus

13).

chinensis var. rhynchophylla (Hance) Hemsi. Trees and shrubs online (Assessed 2021-02-

bark up to 0.32 cm thick whereas EAB
pre-pupae can be found up to a depth of 1.25
cm (Abell et al. 2012). EAB can have a one- or
two- year lifecycle, depending on climate and
host vigor (Cappaert et al. 2005) and with a
slower development time, insects may spend
a second year in the more vulnerable larval
stage, exposed to predation, parasitism, and
tree defenses for longer.
Additionally, this slower development
time leads to more time spent as an early
instar, which makes the EAB larvae more
susceptible to physical tree defenses. Studies
by Duan et al. (2010) have shown that even
F. pennsylvanica has the ability to kill early
instar EAB larvae by encapsulating them

https://scholar.valpo.edu/tgle/vol55/iss1/1

with callus tissue, and this tree defense
mechanism can be a major source of larval
mortality. Poland et al. (2015) reported that,
in most resistant ash taxa, a majority of EAB
larvae are killed by physical host defenses.
The authors of this study have also observed
evidence of larvae killed by encapsulation
in branch samples of mature F. pennsylvanica and F. americana trees in unrelated
research. In our larval phloem utilization
bioassays, we observed that larvae feeding
on F. chinensis and F. chinensis subsp. rhynchophylla began constructing galleries, but
the bolts were able to encapsulate and kill
them in the first 1–2 instars. This was less
commonly observed in F. mandshurica. How-
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ever, Duan et al. (2010) found that as EAB
density increased, the ability of the tree to
defend itself decreased and larvae survived,
so this defense may only be effective at low
EAB infestation levels.
Ulmus larval phloem utilization
field studies. A few studies have reported
Ulmus spp. as a possible host for EAB in
Japan (Sugiura 1999, Haack et al. 2002),
however, in our study, we found that Asian
and hybrids of Asian and European Ulmus
taxa do not appear to be suitable hosts for
EAB larvae. In our elm bolt field studies,
larval establishment was very low overall
with a single ash replicate (F. americana)
and no Ulmus infested in 2014 and very
little infestation in 2015. This could be due
to several factors, but it is likely that by the
time the elm bolt studies were started, EAB
populations had already diminished significantly in northern Illinois due to the lack
of surviving untreated ash in the area. Any
elm bolt that was infested had <1% damage
compared with 2–13% damage that was
recorded in infested ash, and these results
are consistent with studies by Anulewicz et
al. (2006, 2007, 2008) that found that while
adult EABs laid eggs on non-ash species (i.e.,
black walnut, elm, hackberry), larvae either
initiated galleries and then died or did not
establish on these species.
Fraxinus adult no-choice laboratory maturation feeding bioassays.
The nutritional quality of plants is central
to understanding interactions between insects and their hosts, and different species
produce different chemicals that may inhibit
or promote feeding (Berenbaum 1995). Adult
female EAB require a pre-ovipositional
maturation feeding period of 10 to 14 days
after emergence, so foliar nutritional quality and/or chemical defenses could impact
female survival and fecundity (Herms and
McCullough 2014). Studies by Chen et al.
(2011b) have shown chemical differences
between the foliage of green ash versus other
taxa which may partially explain its higher
susceptibility to EAB. This includes both
elevated levels of certain volatile compounds
induced by foliar feeding and lower levels
of other induced chemical compounds (i.e.,
phenolics and protease inhibitors).
It is recognized that the variation
in the size and age of the ash elm trees
evaluated in this study may have had some
effect on the susceptibility to adult EAB
maturation leaf feeding, and suitability
for adult EAB survival, and larval phloem
utilization, development and survival for a
given taxon. This variation is based on the
ash and elm trees available at TMA, which
included recently planted new taxa and more
established mature taxa. Tree age can have
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an impact on the nutritional quality of the
tree as well as the relative levels of secondary
metabolites present. Many plants secrete
stored phenolic or terpenoid resins over
newly expanding foliage (Curtis and Lersten 1974; Rhoades 1977; Dell and McComb
1978; Johnson et al. 1980a,b, 1984; Shain
and Miller 1982; Williams et al. 1983; Fahn
1988; Zobel and Brown 1990a,b). Several
studies show concentrations of secondary
metabolites to be highest in buds (or at bud
break) and then to decline as leaves expand
(Crankshaw and Langenheim 1981, Palo
1984, Horner 1988, Mauffette and Oechel
1989, Hatcher 1990, Hermes and Mattson
1992). To help standardize our feeding studies, we sampled only fully expanded mature
leaves. all leaves from a similar point in the
season each year. Based on our observations,
the age of the tree from which leaves were
sampled did not appear to correlate with leaf
tissue consumed. Of all of the Fraxinus taxa
evaluated, adult EABs consumed significantly less leaf tissue when feeding on both
the younger F. anomala trees as well as on
the foliage of older more mature F. angustifolia and F. platypoda trees. Conversely,
adult EABs removed significantly more leaf
tissue when feeding on foliage taken from
the younger F. baroniana and F. longicuspis trees as well as the more preferred and
mature F. pennsylvanica. Additionally, the
mean amount of frass produced per beetle
per day (FBD) was significantly higher on
the younger trees of F. apertisquamifera, F.
baroniana and F. longicuspis, as well as the
mature trees of F. bungeana, F. pennsylvanica and F. americana.
In our multi-year no-choice laboratory maturation feeding studies, there were
significant differences among taxa in both
amount of leaf tissue removed and frass produced. Additionally, the percentage of leaf
tissue removed was correlated with frass production. Overall, F. pennsylvanica and the
Asian taxa F. baroniana and F. longicuspis
had the highest levels of both leaf utilization
and frass production. Few of the differences
among other taxa were significant and although the Asian taxa are generally thought
to be more resistant to larval phloem feeding,
this may not be the case in adult leaf feeding
preferences for all Asian taxa. The Asian
species that exhibited the most resistance
in our phloem feeding studies, F. chinensis,
F. chinensis subsp. rhynchophylla, and F.
floribunda, also had less adult leaf feeding
than F. pennsylvanica. Fraxinus anomala, a
taxon native to the southwestern US, had the
lowest feeding damage and frass production,
however very few replicates of this taxon
were available for this study, so further
research is necessary. In general, although
feeding damage to Fraxinus leaves by adults
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is minor, adult maturation and oviposition
may be impacted.
Previous studies have shown that EAB
adults may prefer different host species for
maturation feeding versus oviposition, and
that a single Fraxinus species may not necessarily be the optimal host for maturation
feeding, oviposition preference, and larval
performance (Pureswaran and Poland 2009,
Villari et al. 2015). For example, Pureswaran
and Poland (2009) found that adults preferred to feed on green, black, and white
ash foliage compared to Mandshurian, blue,
and European ash (F. excelsior). This feeding preference pattern broadly corresponds
with ash mortality in the field (Anulewicz
et al. 2007, Rebek et al. 2008, Tanis and
McCullough 2012, Klooster et al. 2014),
however, F. excelsior has high mortality rates
in forests and common garden plantings
(Pureswaran and Poland 2009, Orlova-Bienkowskaja 2014, Herms 2015). European ash
taxa growing in TMA tree breeding nursery,
including F. excelsior, also suffered much
higher levels of EAB infestation and lower
survival rates compared to Asian ash taxa
(authors’ observations). Thus, leaf feeding
suitability does not necessarily correspond to
larval phloem suitability, and further studies
comparing larval phloem feeding with adult
leaf utilization would be useful.
Ulmus adult no-choice laboratory
maturation feeding bioassays. The foliage of Asian, European, and North American
elm species evaluated in this study do not
appear to be susceptible to or suitable for
adult maturation feeding. With the exception of U. pumila, the amount of leaf tissue
consumed was less than 1% across all taxa
evaluated compared with 3.2% and 5.5% leaf
tissue consumed for F. pennsylvanica and F.
floribunda (syn. F. stylosa), respectively. The
outer part of the leaf where EAB are more
likely to feed was less tough for U. pumila
than other Ulmus taxa tested, which may
explain its slightly higher consumption by
the beetles. Our results are consistent with
a field study by Anulewicz et al. (2008) which
found no evidence of adult EABs feeding on
elm taxa.
Leaf thickness and toughness.
In addition to chemical properties, plants
employ physical defenses against herbivory, such as leaf toughness and thickness,
and trichome production. Leaf toughness
and thickness generally correlate with
leaf lignin and fiber content and can play
a significant role in deterring invertebrate
herbivory (Graça and Zimmer 2005). For
example, Raupp (1985) found that leaf beetle
feeding was significantly lower on tougher
willow (Salix) leaves and attributed this to
increased mandibular wear.
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On average, the Asian Fraxinus leaves
evaluated in this study were approximately
45% thinner than Ulmus leaves, and within
the Fraxinus and Ulmus tested, taxa differed
significantly in their leaf thickness (Fraxinus and Ulmus) and toughness (Ulmus).
However, these leaf characteristics were not
correlated with reduced feeding, frass production, or longevity. Previous studies have
found that thinner leaves are more attractive
for some herbivorous insects, and that the
thicker and tougher leaves of certain Asian
Ulmus species were less susceptible to feeding by adult elm leaf beetles (Xanthogaleruca
luteola Müller) and Japanese beetles (Popilla japonica Newman). (Miller et al. 1999,
2001; Miller and Ware 1999a,b, 2001; Miller
2000; Condra et al. 2010). Conversely, other
studies have found that leaf thickness and
toughness were not reliable measures of
feeding susceptibility or suitability for adult
Japanese beetles when feeding on Carpinus
taxa (Miller and Wiegrefe 2021).
Although U. pumila was thinner
and had slightly higher percent leaf tissue
removed than other Ulmus, overall, adult
EAB maturation feeding on Ulmus does
not appear to be affected by leaf thickness
or toughness. Of the elm taxa evaluated in
this study, Asian and European elms had
significantly thicker leaves than North
American elms and Asian elms had tougher
leaves than European and North American
taxa. However, regardless of geographic
origin, adult EAB barely fed on elm hosts,
produced much less frass, and lived for a
shorter time (less than one week) compared
with preferred Fraxinus hosts.
Leaf Pubescence. Along with leaf
toughness and thickness, leaf trichomes also
help protect plants from insect herbivores
by impacting feeding, growth, survival, and
oviposition (Levin 1973, Pillemer and Tingey 1976, Ramalho et al. 1984, Agrawal and
Fishbein 2006). Although trichomes are generally considered a less potent plant defense
compared to other plant traits, feeding can be
negatively correlated with trichome density
(Levin 1973; Potter et al. 1998; Miller and
Ware 1999a,b, 2001; Miller et al. 1999; Miller
2000; Miller et al. 2001; Dalin and Bjorkman,
2003; Dalin et al. 2008). Plants have the
ability to produce glandular (chemical-producing) and non-glandular trichomes which
may vary in morphology even within an
individual plant species (MacLean and Byers
1983; Southwood 1986; Agrawal 1999, 2000;
Werker 2000; Dalin and Bjorkman 2003;
Loe et al. 2007). Non-glandular trichomes
function in structural defense and have low
nutritional value while glandular trichomes
provide both structural and chemical defense
and may contain terpenes and alkaloids that

38

et al.: Full issue for TGLE Vol. 55 Nos. 1 & 2

2022

THE GREAT LAKES ENTOMOLOGIST

act as feeding deterrents or toxins (Levin
1973, Rautio et al. 2002, War et al. 2012).
Descriptions of the leaf characteristics
of selected ash taxa tested in this study are
presented in Table 7 (based on Dirr 2009)
and illustrates that the leaves of the ash
species tested here differ in their degree and
type of pubescence. Leaves of some species
are highly pubescent, mainly along the midvein, leaf base, or at the base of the petiole,
while others lack trichomes. However, leaf
pubescence does not appear to influence
host preference for adult EAB, and no clear
trend was observed between pubescence and
feeding damage. For example, the leaves of
F. longicuspis, F. lanuginosa and F. pennsylvanica are described as having trichomes on
the undersides of leaves, and F. longicuspis
and F. pennsylvanica had significantly
higher amounts of leaf tissue consumed. In
contrast, F. lanuginosa sustained the least
amount of leaf tissue removed. Conversely,
the non-pubescent leaves of F. baroniana
sustained the highest levels of feeding despite being barbate along the midrib. The
leaves of the remaining taxa are either
glabrous, or display hairs at the base of, or
along the length of leaf midrib (Dirr 2009).
This lack of a feeding trend may be partially
due to the feeding habits of adult EAB which
feeds along the leaf margins as opposed to
other leaf-feeding insects, such as Japanese
beetle and elm leaf beetle that skeletonize
or window pane the leaf. As a result, the
latter are more likely to be affected by leaf
trichomes than EAB.
Similarly, leaf pubescence does not
appear to play a role in Ulmus host susceptibility in contrast to other insect herbivores,
possibly for the reason described above.
Some of the elm hosts tested here have
pubescent leaves and are not as preferred
as non-pubescent hosts as found in feeding
studies for elm leaf beetle and Japanese
beetle (Potter et al. 1998; Miller and Ware
1999 a,b; Miller 2000; Miller et al. 2001; Held
2004; Condra et al. 2010). However, these
trends did not hold across all taxa tested,
and very little feeding damage occurred on
elm leaves overall. Our findings suggest that
there are probably other factors such as leaf
chemistry that may be affecting the host
suitability of Fraxinus and Ulmus taxa for
adult EAB selection and maturation feeding
(Ladd 1986, 1987, 1989; Ranney and Walgenbach 1992; Spicer et al. 1995; Patton et al.
1997; Fulcher et al. 1998; Rowe and Potter
2000; Potter and Held 2002; Keathley and
Potter 2008; Paluch et al. 2008).
Progress has been made in determining the mechanisms of resistance in ash,
and different taxa have been found to have
different levels of phenolics, volatiles, nu-
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tritional quality and proteins (Eyles et al.
2007; Pureswaran and Poland 2009; Chen
et al. 2011a; Whitehill et al. 2011,2012;
Poland et al. 2015). Analyzing a broader
range of the more resistant Asian taxa for
these same qualities may help discern how
these compounds contribute to resistance in
Fraxinus. Measuring the phloem chemistry
of these other taxa is an important next step
in this process.
Despite these advances, it is still unknown where resistance lies in the Fraxinus
genome. The F. nigra × F. mandshurica
‘Northern Treasure’ hybrid did not appear
to have inherited the resistance gene from
its Asian parent. The specialized metabolism of Fraxinus is very complex (Kostova
and Iossifova 2007) and analysis of traits
contributing to interspecific variation in
larval performance has primarily focused on
phenolics and defensive proteins of ash bark
including the vascular components. However, these interspecific vascular comparisons
are further complicated by genetic variation
in unrelated traits. While green, white, blue
and black ash are sympatric, they are also
phylogenetically divergent. Phylogenetic
studies place blue ash in section Dipetalae,
green and white ash in the section Melioides,
and Manchurian, European, and black ash
in section Fraxinus (Wallander 2008, 2012).
Due to their phylogenetic relationship, most
antibiosis studies have focused on comparing
the resistant Manchurian ash with black ash
to identify defensive traits (Whitehill et al.
2011, 2012).
Interestingly, our adult leaf feeding
study found that while average frass production per beetle per day (FBD) and the
percent of leaf tissue consumed did not
vary significantly among ash from different
geographic locations (i.e., Asian, European
and North American ash). Overall, EAB
adults feeding on taxa in the group Fraxinus
produced significantly less frass per beetle
per day (FBD) than adult EABs feeding on
members of Melioides or Ornus, suggesting
that taxonomic relatedness may play a large
role in resistance. However, including the
more susceptible F. nigra (also section Fraxinus) in our leaf feeding study, could possibly
impact this finding. With our smaller subset
of Asian taxa tested for larval suitability,
differences in phloem feeding could not be
compared among sections.
This research has demonstrated that
there may be other Asian ash taxa that
exhibit useful resistance to EAB, and these
should be considered when developing
further breeding objectives and designing
EAB resistant planting trials. The use of
these plants in breeding programs will require careful consideration of differences in
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breeding strategies and ploidy among groups
and species. Other characteristics of these
species should be considered, such as cold
hardiness, heat tolerance, and disease and
insect pest resistance. Given the diversity of
ash in East Asia, it is important to test many
more species in the search for potentially
useful resistance.
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Abstract
Trypodendron retusum (Leconte) (Coleoptera: Curculionidae: Scolytinae) mating habits and attack pattern on Populus grandidentata Michx. (Big Tooth Aspen) were studied.
Mating habits of males and females involved copulation at the entrance hole bored by the
female. The mated pair was thus established for each gallery system. Attack (entrance)
holes averaged 15.9 cm. apart and were found to be uniformly spaced on the bark surface.
Entrance attack hole density was greater on standing snag trees than wind-thrown logs.

Trypodendron retusum (Leconte) (Coleoptera: Curculionidae: Scolytinae) has been
reported infesting wind broken and thrown,
cut or stressed trees of Populus species from
Alaska to New Brunswick and south to
California, New Mexico and West Virginia
(Wood 1957, Wood 1982, Atkinson 2015).
Kuhnholz (1994) found that females of T.
retusum produce a detectable concentration
of the aggregating pheromone lineatin only
after the initiation of gallery boring, and
the angiosperm volatiles of salicyaldehyde
and ethanol also tend to aide the attraction
of the beetle to its host. Brewer et al. (1988)
described the gallery habits of T. retusum
infesting big tooth aspen (Populus grandidentata Michx.) in Central Michigan. A
monogamous pair of beetles constructed a
gallery system from an entrance hole. The
female constructed a series of niches into
the wall of lateral tunnels. One egg was
deposited by the female into each niche .
Larvae enlarged these niches into cradles as
they consume both wood and the symbiotic
fungi. T. retusum has a single generation
per year and progeny adults emerge from
their parental gallery and overwinter in the
litter (Brewer et al. 1988). The purpose of
this study was to describe the mating habits
and attack pattern of T. retusum on their
host trees.
Materials and Methods
Direct observations of the active habits
of adults were made for 27 hours in 17 days
in April and May of 1985 and 1986 at the
Alma College Ecological Tract (43° 23´N,
84° 53´ W.) in Montcalm Co. Michigan.
The observations were conducted in the
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afternoon hours on days exceeding 22 °C
as flight adults landed on their host trees.
Sixteen T. retusum attacked big tooth aspen
(P. grandidentata) trees which were used to
study the density and distribution of attacks
in June following completion of the beetles’
flight periods in 1985 and 1986. Six trees
were wind-thrown, horizontal logs on the
forest floor; they had basal diameters of 27
and 28 cm and tapered to 10-12 cm diameter.
Ten standing snags of Aspens with breast
height diameter that measured 11 cm to 26
cm tapered up to 5 cm. were also cut down
for study.
The distances between entrance holes
of T. retusum were measured on sections
from both the wind thrown and standing
trees. The nearest neighbor method of Clark
and Evans (1954) was used to measure the
spatial relationship of the entrance holes
of T. retusum on the surface of the bark.
The number of attack entrance holes were
counted per square meter on the lengths of
wind thrown logs and up the heights of cut
standing snag trees separately for comparison of density differences.
Observations and Discussion
Beetle Behavior on the Bark
Surface. Observations were made during
April-May as parent flight beetles alighted
on the bark surface of the standing snags.
The adults walked rapidly in an upward direction on the trees. Females sought out bark
fissures and initiated their attack entrance
holes. Males, after landing, walked about on
the bark surface seeking receptive females
that had started to bore into the host. This
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observation can be explained by the fact
that boring females produce the sex (lineatin) pheromone (Kuhnholz 1994). When
encountered by a male, a female located at
her entrance hole would exit the tunnel or
remain with just her head in the tunnel entrance. The male would mount the abdomen
of the female and copulate. The mean time
of copulation was 2.4 minutes (S.E. = ±0.4,
range 1.9-3.0 min., n = 15). This compares
to the mean copulation time 3.5 minutes
observed for T. lineatum (Olivier) by Fockler
and Borden (1972). After the mating pair
separated the female would enter into her
tunnel and soon to be followed by the male
(n = 11 observations). This would establish
the monogamous pair of beetles found in
each gallery system as observed by Brewer
et al. (1988). If another male approached an
entrance attack hole that was occupied by
a mated pair, the approaching male would
stop briefly and then continue up the bole
seemingly in search of an unmated female (n
= 7) which indicates that a repellent signal
(e.g. volatile or sound) was emitted by the
mated pair.
Distribution and Density of Attack
Holes. Following the female’s initial boring
into the host’s sapwood, the attack holes of T.
retusum could easily be distinguished from
those of other ambrosia beetles (i.e., species
of Anisandrus, Monarthrum, Xyleborinus
and Xyloterinus) by the presence of a unique
conical mound of wood borings surrounding
each attack hole. The boring of other species
of ambrosia beetles formed loose mounds of
frass or a cylinder of frass by Xyloterinus
politus (Say).
Nearest neighbor distances between
attack holes on heavily infested sections
only infested by T. retusum were measured
and had mean distance between entrance
holes of 15.9cm (S.E = ±2.7 cm (range 4.8
to 37.6 cm, n = 98) with only three entrance
holes were within 6.0 cm distance of each
other. Applying Clark and Evans (1954)
nearest neighbor method, an R value of 2.03
(P > 0.0001) was calculated. Thus one can
assume with a Clark and Evans R value
>1 that the population of attack holes of T.
retusum are uniformly distributed on the
surface of the tree. The uniform spacing of
attack holes on the bark surface probably
minimizes overcrowding of gallery systems
within the bole. Brewer et al. (1988) never
observed the fusion of two gallery systems
of T. retusum within these hosts.
The mean density of entrance attack
holes of T. retusum on six wind-thrown aspen
logs was 5.1 entrance attack holes/m2 (n =
30). This was significantly lower (T = 3.09,
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d.f. = 73, P = 0.006) than the mean density
of 17.1 entrance attack holes per square
meter (n = 44) of the ten standing (snags)
aspen trees studied during the same years
of 1985 and 1986. Either these wind-thrown
aspen logs are below the flight altitude of
the majority of the beetles or perhaps the
beetles may prefer to orient to vertical trunks
of snags. These observations that vertical
snags were attacked at a higher rate than
horizontal logs are similar to those of Hammond et al. (2004).
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Abstract
The orientation of the posterior abdominal sternite and pygidium allows for quick
sex-determination of Maladera formosae (Brenske) (syn. M. castanea [Arrow]) (Coleoptera:
Scarabaeidae: Melolonthinae) adults with a dissecting microscope or hand lens. M. formosae
(the Asiatic garden beetle) is an emerging pest of field crops and this information will help
researchers quickly determine sex during field studies.
Keywords: Maladera formosae, Asiatic garden beetle, Melolonthinae, sex-determination

Asiatic garden beetle (Fig. 1), Maladera formosae (Brenske, 1898) (syn. Maladera castanea [Arrow, 1913]) (Coleoptera:
Scarabaeidae: Melolonthinae) is an annual
white grub species endemic to eastern Asia
(Fabrizi et al. 2021) that was first reported
in North America in 1921 from a nursery
near Rutherford, New Jersey (Hallock 1932).
Following its introduction, grubs and beetles
emerged as significant pests of horticultural
crops (Hallock 1929), vegetables (Hallock
1934), and turfgrass (Hallock 1929) which
led to extensive research on the biology and
management of this species in the 1930s.
Infestations in these systems grew scarcer
over time even though populations spread to
at least 24 states and 2 Canadian provinces
(Eckman 2015). The grubs have recently
begun infesting field crops, particularly
corn, in the Great Lakes region beginning
in 2006 in northern Indiana (Krupke et al.
2007), 2007 in southern Michigan (DiFonzo
2007), and 2013 in northern Ohio (Hammond
2013). The overwintered grubs that move
towards the soil surface in the springtime to
resume feeding cause damage to field corn
that is planted around the same time. Grub
feeding on roots causes corn plants to stunt,
wilt, discolor, and ultimately die (Hammond
2013). Observations indicate that low grub
densities (2+ grubs per plant) can lead to
plant stand losses as high as 40% (personal
observation, A.J.P).
Monitoring and sampling tools for
Asiatic garden beetle have been evaluated;
the grub stage is best sampled by taking soil
cores of a known volume (Jordan et al. 2012),
while adults are highly attracted to outdoor
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lights (Hallock 1936) and light traps (Chong
and Hinson 2015), pitfall traps (Perry et al.
2020), pheromone traps (DiFonzo 2011), and
Japanese beetle type traps baited only with
the food type lure (Held and Ray 2009). Compared to other scarab pests like Japanese
beetle (Popillia japonica Newman), Oriental
beetle (Anomala orientalis [Waterhouse]),
and European chafer (Rhizotrogus majalis
[Razoumowsky]), Asiatic garden beetles (Fig.
1) are smaller, roughly 8–11 mm long and 5-6
mm wide (Hamilton 1929), and have a dull,
chestnut to cinnamon colored barrel-shaped
body with an iridescent sheen and shallow
punctures that are indiscernible to the naked
eye. The darker head is concealed dorsally
by the pronotum. The head, sternum, elytra,
lateral and sometimes anterior edges of
the prothorax are covered in fine yellowish
pubescence (Hamilton 1929). Legs are spiny
and pubescent (Eckman 2015), with hindlegs noticeably larger and strongly flattened
with apical spurs compared to the mid- and
fore-legs (Niemczyk and Shetlar 2000).
Females can be tentatively differentiated from males under a dissecting
microscope by their pronounced front tibia
(Dunlap 2016). However, this can be difficult
to detect as male and female beetles vary in
size and there are no reported measurements
for leg size. As a result, available resources
for Asiatic garden beetle do not include
sex-determination features (Potter 1998,
Niemczyk and Shetlar 2000, Brandenburg
and Freeman 2012, Vittum 2021). Here we
present a morphological feature that allows
for the quick sex-determination of Asiatic
garden beetles under a microscope and/or
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Figure 1. Asiatic garden beetle adult; (A) ventral, (B) dorsal, and (C) lateral views. Photographs by
Steve Upperman.

Figure 2. The posterior abdominal sternite of Asiatic garden beetle male and female adults. In the male,
the pygidium, or last dorsal tergite (A) pinches or touches the margin of the last abdominal sternite,
but in the female (B) has parallel anterior and posterior margins. Photograph by Steve Upperman.
Illustrations by Suranga Basnagala.

in the field with a hand lens or even with
the naked eye.
We assessed the external morphology
of specimens under a dissecting microscope
then dissected them to verify their sex. Similar to Maladera matrida (Argaman 1986)
(Falach and Shani 2002), the margins of the
posterior abdominal sternite of males (Fig.
2A) are pinched by the pygidium (posterior
abdominal tergite). In contrast, the posterior
abdominal sternite of females (Fig. 2B) consistently has parallel anterior and posterior
margins and is not pinched by the pygidium.
We made an a priori assessment on beetle
sex using this feature for 50 females and 50
males collected from pitfall traps set out in
Fulton County, Ohio, in July 2018 during
peak adult activity, then we dissected
each beetle to verify its sex. Our a priori
assessment based on the orientation of the
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abdominal sternite and pygidium was correct
in 100% of the samples. We collected an additional 50 females and 50 males from Fulton
County from late June to early August 2021,
took images using a dissecting microscope,
and measured the distance between the
anterior and posterior segment edges where
the sternite is pinched using ImageJ software v1.53k with the bissect macro (https://
gist.github.com/lacan/35000e0fac120a78caeaf667a4bb493e). The narrowest width of the
sternite in females was consistently about
twice that of males (Supplemental Table
1). The average width of females was 0.046
and ranged from 0.039 to 0.056 cm, and for
males was 0.020 cm and ranged from 0.013
to 0.027 cm in males.
The shape and relative width of the
pygidium is a more reliable and straightforward morphological feature than leg size for
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sex-determination in Asiatic garden beetle.
It will allow for more informative research
on this species, especially as it continues to
spread across North America and potentially
pose new risks to cultivated plants.
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Supplemental Table 1. List of specimens used to obtain measurements for sex-determination of Asiatic garden beetle and their approximate sampling location, pitfall trap
setup and collection date, and average width (cm) at the narrowest part of the posterior
abdominal sternite.
						
				
Trap
Trap
Specimen
Sex
Latitude, Longitude
setup
collection
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female

41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895

https://scholar.valpo.edu/tgle/vol55/iss1/1

6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021

7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021

Narrowest
width (cm)
posterior sternite
0.045
0.049
0.044
0.05
0.046
0.045
0.045
0.047
0.05
0.049
0.039
0.043
0.049
0.044
0.045
0.046
0.043
0.048
0.044
0.042
0.044
0.047
0.042
0.045
0.045
0.039
0.047
0.046
0.046
0.04
0.048
0.044
0.049
0.043
0.044
0.046
0.044
0.053
0.041
0.046
0.045
0.044
0.048
0.044
0.05
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Supplemental Table 1. (Continued)
						
				
Trap
Trap
Specimen
Sex
Latitude, Longitude
setup
collection
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
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41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.615562, -84.167640
41.615562, -84.167640
41.615562, -84.167640
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.615562, -84.167640
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.624884, -84.139895
41.623567, -84.088871
41.623567, -84.088871
41.623567, -84.088871
41.623567, -84.088871
41.623567, -84.088871
41.623567, -84.088871
41.623567, -84.088871
41.623567, -84.088871

7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
6/29/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/28/2021
7/28/2021
7/28/2021
7/28/2021
7/28/2021
7/28/2021
7/28/2021
7/28/2021

7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/6/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
7/13/2021
8/4/2021
8/4/2021
8/4/2021
8/4/2021
8/4/2021
8/4/2021
8/4/2021
8/4/2021

Narrowest
width (cm)
posterior sternite
0.049
0.046
0.046
0.049
0.046
0.025
0.019
0.025
0.023
0.02
0.021
0.021
0.023
0.021
0.024
0.021
0.022
0.018
0.023
0.02
0.018
0.021
0.021
0.018
0.02
0.02
0.026
0.019
0.016
0.024
0.023
0.021
0.024
0.018
0.021
0.019
0.016
0.02
0.018
0.017
0.021
0.016
0.019
0.021
0.022
0.018
0.022
0.022
0.013
0.021
0.019
0.02
0.019
0.02
0.019
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